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PREFACE 


The present volume consists of the second half of the second 
volume of the French edition of Goursat’s “Cours d’Analyse 
Mathématique.” As was stated in the preface to the first half 
of this volume, it seemed best, for purposes of American schools, 

S to issue these two parts separately, and this was done with the 
~) approval of Professor Goursat. 

It is hoped that the present volume, which is entitled ‘ Differen- 

9 tial Equations,” will prove serviceable in American universities 


for courses which bear that name. 
E. R. HEDRICK 
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A COURSE IN 
MATHEMATICAL ANALYSIS 


VOLUME II. PART I 


DIFFERENTIAL EQUATIONS 


CHAPTER I 
ELEMENTARY METHODS OF INTEGRATION 
I. FORMATION OF DIFFERENTIAL EQUATIONS 


1. Elimination of constants. Let us consider a family of plane 
curves represented by the equation 


(1) F(a, y, € +e Cay °°) Cy) = 9, 
which depends upon n arbitrary constants. If we assign to these con- 
stants definite but arbitrarily chosen values, the successive derivatives 
of the function y of the variable x defined by the preceding equation 
are furnished by the relations 


OF LF y 9 

ox dy 7 ew 
BB 5 OE, OF a, OF 

(2) aa 7" tay ee a ais 
nF OF 


If we stop with the equation for calculating the derivative of the 
nth order, we shall have in all (n +1) relations between z, y, y', y", 
-,y™ and the constants ¢,, ¢,,---, ¢,. The elimination of these n 
Caseme leads in general to a single relation between 2, y, y', ---, y™, 


(3) Oa, yY'y", ++ Y)=9. 
From the very way in which the equation (3) is derived it is clear that 
every function defined by the relation (1) satisfies this equation (3), 
whatever may be the values assigned to the constants ¢;; hence 
we say that any such function is a particular integral of the differ- 
ential equation (3). The whole set of these particular integrals is 
the general integral of the same equation. Using geometric language 


for convenience, we shall also say that every curve represented by 
3 
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the equation (1) is an integral curve of the equation (3), or that the 
equation (3) is the differential equation of the given family of 
curves (1). 

We see that the order of the differential equation is equal to the 
number of arbitrary constants upon which that family of curves de- 
pends. It is also clear that the reasoning does not at all prove that 
the equation (3) has no other integrals than those which are repre- 
sented by the equation (1). In fact, the equation (3) may have other 
integrals, as we shall see presently. 


The above statements do not apply to the exceptional cases in which the 
elimination of the n parameters c; between the (n + 1) relations (1) and (2) leads 
to several distinct relations between a, y, y’, y”,--:, y™. We could in those 
cases find one relation not containing y™, so that the family of curves con- 
sidered would be the integral curves of a differential equation of an order less 
than n. This will occur if these curves depend in reality upon only n—p 
parameters (p>0). For example, the curves represented by the equation 
F[x, y, (a, 6)] = 0 apparently depend upon two arbitrary parameters a and 6; 
in reality they depend upon only a single parameter c = ¢(a,b). There is also 
another way in which the lowering of the order of the differential equation may 
occur. For example, the curves represented by the equation y? = 2 ary + bx? 
really depend upon the two independent parameters a and b, yet these curves 
always satisfy the equation y= zy’. This is because the preceding equation 
represents two straight lines through the origin, each of which is an integral 
curve of the equation y = zy’. 

Examples. The straight lines passing through a fixed point (a, b) are repre- 
sented by the equation 


(4) y—b=C(e—a) 


and depend upon an arbitrary parameter C. The elimination of this parameter 
between the preceding relation and the relation y’ = C leads immediately to 
the differential equation of this system of straight lines ; 


(5) y—b=y(e—a). 


Conversely, we can write equation (5) in the form 


and therefore every integral of that equation satisfies the relation 
Log (y — b) = Log (x — a) + Log 0, 


which is equivalent to the equation (4). 


The set of all straight lines in a plane, y = C,2 + C,, form a two-parameter 
family whose differential equation is y” = 0. The converse is self-evident. 
The circles in a plane 


(8) e+y24+2Ar4+2By+C=0 
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form a three-parameter family; the corresponding differential equation must 
therefore be of the third order. Differentiating the preceding relation three 
times, we find 


(7) tty +tA+ByY=0, 1+y*+ yy’ + By” =9, 
3 ES + yy” + By’” = 0. 
The elimination of B between the last two equations leads to the desired equation 

(8) ye (1 + y’) = 8 yy = 0. 

The only plane curves satisfying this relation are circles and straight lines. 
We see first of all that any straight line is an integral curve, for the equation 
is satisfied if we have y” = 0 and therefore y’’ = 0. Now let us suppose that 
y” #0; then we can write the equation (8) in the form 


iia 


y — SS yy” : 
ie 1 + y? 


from which we derive 
3 
Logy” = 7 Log (1+ y”) + Log C,, 


where C, is a constant different from zero. This result may be written in the form 


-° A 


y 


See — C. 
. (1+ ¥?) 
A second integration gives 
y 

——- = C Cc 

Vi+y? oe 
or 

Cie + C2 


V1—(0,2+ C,)? 
integrating once more, there results finally 
Cyy + C,=—V1—(C,2 + C,)%, 


which is the equation of a circle. 

The differential equation of all conics may be found easily by the following 
method, which is due to Halphen. If the conic has no asymptote parallel to 
the y-axis, its equation solved with respect to y is of the form 


y=me+nt VAz? + 2 Bat C. 
After two differentiations we find 
_  AC—B 
~ (Aa? + 2 Be + OVE 


J/ 


or 
(y’)~ # = (AC — B*)- 4 (Aa? + 2 Be + C), 


so that (y’)-2/8 is a trinomial of the second degree in . Hence, to eliminate 
the three constants A, B, C three differentiations are sufficient, and the desired 
differential equation can be written in the abridged form 


ad n> ay 
aga LY )” 3] = 0. 
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Carrying out the differentiations, we obtain the equation 
(9) 40 8 = 45 yy” yv an 97 y" — 0. 


The differential equation of parabolas may be found by the same method. 
We have, in fact, for a parabola A = 0, and (y”)—?4 is a binomial of the first 
degree. The differential equation is, therefore, in an abridged form, 


2 
lw’ =0, 


or, after carrying out the indicated differentiations, 


(10) by’? — 3yyiv¥ = 0. 


II. EQUATIONS OF THE FIRST ORDER 


Every differential equation of the nth order, formed by the elimi- 
nation of the constants, has an infinite number of integrals that 
depend upon n arbitrary parameters. But it is by no means evident 
that a differential equation given a priori has any integrals. This 
involves a fundamental question to which we shall return in the 
following chapter. We shall first consider some simple types of 
differential equations of the first order whose integration can be 
effected by quadratures. The existence of the integrals will be 
established by the very method by which we obtain them. If this 
order of procedure seems subject to criticism from the point of 
view of pure logic, we may at least observe that it conforms to the 
historical development of the subject. 


2. Separation of the variables. The simplest type of differential 
equation is the equation already studied, 


(11) “Y= 4), 


where f(x) is a continuous function if the variable x is real, or an 
analytic function if we regard the independent variable x as com- 
plex. We have seen that that equation has an infinite number of 
integrals which can be represented by the relation 


y= f I(x) da + C, 


where the lower limit a, is considered as fixed, and where C denotes 
an arbitrary constant. The equation 


(12) oY = by) 
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reduces to the preceding by considering y as the independent vari- 

able and x as the unknown function. The equation may then be 

written in the form da/dy oh a and consequently 


» ? en 


In general, when a differential equation is solved with respect to 
the derivative of the unknown function, it is often convenient to 
write it in the differential notation, 

(13) P (a, y)dx + Q(a, y)dy = 0. 

This form does not commit us in any way as to the choice of the 
independent variable, which may be either x or y. If we wish to 
substitute for « and y new variables wu and v, we need only replace 
x, y, dx, dy in the equation (13) by their corresponding expressions 
in terms of uw, v, du, dv. Let us also notice that we may, without 
changing the integrals of the equation (13), multiply or divide both 
its terms by thfe same function of x and y, (a, y), provided that we 
take account of the solutions of the equation w(x, y) = 0 which may 
be made to appear or may be suppressed by the operation. The two 
cases which we have just treated are particular cases under a more 
general method, called the separation of variables. If a differential 
equation of the first order is of the form 


(14) Xdxz+Ydy = 0, 
where X and Y depend only upon z and y respectively, we say that 
the variables are separated. The equation is then integrable by quad- 
ratures, for if we put 


x y 
v= f Xde+ [ Ydy, 
% Yo 


the equation can be written in the form dU = 0, and the general 
integral is represented by the relation U= C. 

The equation 

(15) XY,dx +X,Ydy = 0, 
where X and X, depend only upon «, and where Y and Y, depend 
only upon y, can be reduced to the preceding form by dividing the 
two terms by X,Y,. It should be noticed that in this example the 
solutions of the two equations, X, = 0, Y, = 0, are suppressed. Indeed, 
it is clear that if y = d is a root of the equation Y,= 0, y = 0 is an 
.integral of the proposed equation, while in general it will not be 
included in the general integral of the new equation. 
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3. Homogeneous equations. A differential equation of the first order 
is ‘said to be homogeneous if it can be written in the form 
0) 
ie) dz = a)’ 
where the right-hand side is a homogeneous function of degree zero. 


It can be reduced to an integrable form by putting y = uz, where 
the new variables are « and u. This substitution gives 


dy _ du 
Be ae oe ce 


and the equation (16) becomes 
du 
“T t+u=f(u). 


We can now separate the variables by writing the equation in the 
form 


and the general integral i3 obtained by one quadrature in the form 


du 
(17) a= Coy @-*, 


We have only to replace in it w by y/x in order to obtain the equation 
of the integral curves. 

The general equation of that family of curves is of the form 
x =Cdo(y/x), where C is an arbitrary constant. These curves are 
all similar to any one of them, with the origin as center of simili- 
tude, the ratio of similitude being alone variable; for we can derive 
the preceding equation from the equation x = ¢(y/x) by replacing 
x and y in it by #/C and y/C respectively. Conversely, given a 
family of curves similar to each other with respect to the origin, the 
corresponding differential equation of the first order is homogeneous. 
We can verify this by actual calculation, but the result is evident 
a priori, for the tangents to the different curves of that family at 
the points of intersection with a straight line through the origin 
must be parallel, and therefore the slope of the tangent y' depends 
only on the ratio y/x. 

We can reduce to the homogeneous form any equation of the type 


dy (arte) 
18 le ee | ee 
oa dx ON prerrey oma, ‘ 
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where a, d, ¢, a', b', c! are any constants, except that d and d! are not 

both zero. In order that this equation be of the desired form, it is 

sufficient that c= c'= 0. Now, if we put 


%=X +a, y¥=Y+8, 


where X and Y are the new variables and where @ and B are any 
two constants, the given equation becomes 


2 gn ( aX+bY+aa+bB+e ) 

aX "\e'X¥4+0V+ ae +o'ppe’ 

and this new equation will be homogeneous if 
aa+bB+c=0, aa+b'B+ec=0. 


These two conditions determine a and £ if ab'—a'b is not zero. 
In the particular case in which ad'— a'b = 0, suppose 6 # 0; we 
shall have a'x + b'y = k(ax + by), where k is a constant which has 
a finite value” Putting az + by = u, the equation takes the form 


due, ,(ute) 
bdx b ku +el)’ 


in which the variables are separated. 


4. Linear equations. A linear differential equation of the first 
order is of the form 


dy 
(19) 7, t xy +X, = 0, 


where X and X, are functions of x If X,=0, we can write this 
equation in the form 


d 
(20) _ +Xdx = 0, 
and the general integral is obtained by one quadrature in the form 


(21) y= co 


In order to integrate the complete equation (19), where X, is 
supposed different from zero, we shall try to satisfy that equation 
by taking for y an expression of the form (21), considering C no 
longer as a constant but as an unknown function of «. This 
amounts to making the change of variable y = Yz, where x is the 
oew function to be determined and Y any one of the integrals 
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of the equation (20). After this substitution, the equation (19), 
by virtue of the relation (20) which Y satisfies, takes the form 


dz . 
Y—+X,=0, 


which is integrable by one quadrature. We derive from it 


xX. 
s=— [pdete, 


where C is an arbitrary constant. The general integral of the 
equation (19) is therefore obtainable by two successive quadratures. 
Replacing Y by its value, we can again write it in the form 


(22) rae “#(c fee ae), 


where the lower limits in the two integrals are chosen at pleasure. 

The general integral is an integral linear function of the constant 
of integration of the form y =Cf(x)+ ¢(x), where f(x) and ¢(z) 
are definite functions of « This property characterizes the linear 
equation, for if we eliminate the constant C between the preceding 
equation and the equation 


y' =Ch'@) + $'@); 
we are evidently led to a relation that is linear in y and y’. 
This result may be stated in another way. Let y,, y,, y, be three 
particular integrals of the linear equation, corresponding to the 


values C,, C,, C, of the constant C; the elimination of the two fune- 
tions f(x) and ¢(«) between the three relations, 


¥,=C(@)+o(@), Y= C,f(@)+ (2), Y= CoS (@)+ O(@), 


leads to the relation (y, — y,)/(¥, — y,) =(C; — C,)/(C, — C,), which 
shows that the ratio (y,—y,)/(y,—¥y,) is constant for any three 
particular integrals of a linear equation. If we know two particular 
integrals y,, y, of a linear equation, we can then write down imme- 
diately the general integral in the form 


Yiaaeys 

Y2-— NY 

It is also to be noticed that if we know a single particular inte- 
gral y,, the general integral can be obtained by a single quadrature ; 


in fact, putting y = y, + wu, we are led to the equation du /dx+Xu=0, 
which is identical with the equation (20). 


= const. 
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5. Bernoulli’s equation. Bernoulli’s equation 
23 OT xy ee 
(23) Ie 1 AY t+ Xy" = 9, 


where the exponent » may be any number different from zero and 
from unity, can be reduced to a linear equation by the substitution 
z#=y'-". For then we can write the preceding equation, after 
dividing all its terms by y”, in the form 

i bt A 


Ve ee Ee 0. 


We can reduce to the preceding type any equation of the form 


(24) (4) da + (4) dy + ka™(xdy — ydx) = 0, 


where k and m are any two numbers whatever. For if we put 
y = wax, the équation obtained can be written as follows: 
’ dx 

[b(u) + wy (u)] = + y(n) + kam *? = 0, 


and, putting z = «+», we are led to a linear equation. 


6. Jacobi’s equation. Let us consider the equation 


(a+ aa + ay) (ady — yda) 


(2°) — (b+ Vat V'y)dy + (C+ cx + cy) ae =0, 


where a, a’, a”, b, b’, b”, c, ce’, c” are any constant coefficients. Ifa=b=c=0, 
the equation comes under type (24), for we have only to divide by ax + a’y to 
reduce it to this type. In order to reduce the general case to this particular 
case, let us putt = X + a,y= Y+ 8, where X and Y are two new variables 
and where @ and £ are two constants. Thus we obtain a new equation of the 
same form, which can be written as follows: 


(aX + a” V)(XdY — YdX) 
(25) —[(B4+yx4+WvVY-(A+vX4a’Y)a—AX]dY 
+[C+¢X4c°Y—-(A+aX+a”Y)B—AY]dX=0, 
where 
A=a+aa+a’p, B=b+0 at’, C=c+Ca+c"p. 


This equation (25’) will be of the type (24) if we have Aa— B=0, AB—C=0. 
We are then led to determine the constants a, 8 by these two conditions, which 
may be written in a more symmetric form by introducing an auxiliary un- 
known J: 

A—ir=0), B—ra=0, C—rB=09. 
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The elimination of the unknowns a@, B leads to an auxiliary equation of the 
third degree for the determination of \: 


/ st 


a—z a a 
b v—r Go N= 0, 
c Cc ce’ —h 
The integration of Jacobi’s equation depends, then, first of all on the solution 
of this equation of the third degree, as will be seen by other methods a little 
later. 


7. Riccati’s equation. Riccati’s equation 
IOSD Bly a a9 
(26) an 1 OY + XY + X= 9, 


where X, X,, X, are functions of x, cannot in general be integrated 
by quadratures. The integrals of this equation, when the coefficients 
are unrestricted, form new transcendental functions, whose proper- 
ties we shall study. But this equation is related to the matter which 
we are discussing on account of the following property: Jf we 
know a particular integral, we can find the general integral by two 
quadratures. 

Let y, be a particular integral. The change of variable y = y, + 2 
leads to an equation of the same form which does not contain any 
term independent of z, since = 0 must be an integral; that equa- 
tion is, in fact, 


d 
(27) a + (X, + 2Xy,)2 +Xe* = 0, 


and we have only to put w=1/z in order to transform it into a 
linear equation. This proves the proposition just stated. 

From this result, several important consequences follow. The 
general integral of the linear equation in w is of the form (§ 4) 


u=Cf@)+ $(#); 


hence the general integral of the Riccati equation is of the form 


: 1 _ OF) + 4,@) 
28 — = me . 
(28) Bae Cray ale) © Cha) ae) 


We see that it is a rational function of the first degree in the constant 
of integration. Conversely, every differential equation of the first 
order which has this property is a Riccati equation. For, let f (x), 
(x), f(x), o(x) be any four functions of x; all the functions y 
represented by the expression (28), where C is an arbitrary con- 
stant, are integrals of an equation of the first order, which is easily 
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obtained by solving the equation (28) for C and then taking the 

derivative. This gives 


$1 — Yp 
C=; 
=; 


and the corresponding differential equation is 


(uf — fr) (bi — by' — yb") — (bi — 99) YF + Uf! — fi) = 0, 
which is of precisely the form (26). 
Let ¥,, Yg, Ys ¥, be four particular integrals corresponding to the 
values C,, C,, C,, C, of the constant C. By the theory of the anhar- 
monic ratio we have the relation 


Je eae Gp Oy ee CF 

Pee Opa a se CE, 
which is easily verified also by direct calculation, and which proves 
that the anharmonic ratio of any four particular integrals of Riccati’s 


equation is constant. 

This theorem enables us to find without any quadrature the gen- 
eral integral of a Riccati equation when we know three of its partic- 
ular integrals Yy> Yoo Yz- Every other integral y must be such that 
the anharmonic ratio (y — y,)/(y — Y2) + (Ys — %)/(Ys — Y2) 18 con- 
stant. The general integral is then obtained by equating this ratio to 
an arbitrary constant. It is clear that y will be a rational function 
of the first degree in this constant, which proves that the preceding 
property belongs only to the Riccati equations. 

Let us observe that if we know only two particular integrals, y, 
and y,, we can complete the integration by one quadrature; for, 
after the first transformation y = y, + 2, the equation obtained in z 
has the integral y, — y,. The linear equation in w has therefore the 
known particular integral 1/(y,— y,). The general integral of the 
equation in w will then be found by a single quadrature.* 


Application. Let us consider a family of circles in a plane, which depends 
upon one variable parameter. Let (a, b) be the codrdinates of the center of the 
variable circle and let R be its radius (the axes being rectangular). We shall 


* The properties of Riccati’s equation established in the text can be derived also 
by observing that the equation is not changed in form by any general linear trans- 
formation y= (/z+ )/(f;2+ $1), where f, f1, &, $; are functions of x. If we know 
one, two, or three integrals of the equation (26), we can always choose the linear 
transformation in such a way that, in the transformed equation in Zz, one, two, or 
three of the coefficients of the polynomial of the second degree in z will be zero. A 
linear equation may be regarded as a Riccati equation which is satisfied by the 
particular integral y=, that is, such that the equation obtained by putting y=1/z 
has the solution z= 0. 
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suppose that a, b, R are known functions of a variable parameter a. Let us try 
to find the curves which cut each of these circles at a known angle V, which 
may be constant or a given function of a. The codrdinates of any point M of 
the circle C with the center (a, b) and the radius R can be represented by the 
equations 
z=atfkcos8, y=b+R#sin8, 

where 6 is the angle which the radius terminating at the point M makes with 
the direction Oz. The problem reduces to the determination of the angle asa 
function of the parameter a, so that the curve described by the point M cuts the 
circle C at the angle V. The differential equation of the problem is therefore 


which becomes, after replacing dz and dy by their values and reducing, 
dé / 7 11% f 4 / . 
Le + WV’ cos 6 — a’ sin @ — ctn V (R’ + a’ cos + b’sin#) = 0, 
a 


where a’, b’, R’ are the derivatives of a, b, R with respect to a. Taking for the 
new unknown t = tan (6/2), we obtain the Riccati equation 


(29) are + (1— #2) — 2a’t— ctn V[R'(14 &) + @ (1— 2) + 20] =0. 
a 


It will suffice, then, to know a single trajectory in order to obtain all the others 
by two quadratures. 

Let us consider the particular case of orthogonal, trajectories ; the angle V is 
then.a right angle, and the cotangent is zero. If we also suppose that the circles 
considered have their centers on a straight line, we know a priori two particular 
integrals of the equation (29), for the line of the centers is an orthogonal tra- 
jectory and meets each circle in two points. It is easily shown that the inte- 
gration requires only one quadrature, for if we take the z-axis for the line of 
centers, the equation (29) reduces to R (dt/dz) — wt = 0. 


8. Equations not solved for y'. In the different cases which we 
have just examined the equation was supposed to be solved with 
respect to y'. Let us now consider the general equation of the first 
order F(x, y, y')= 0. Let S be the surface represented by the equa- 
tion F(x, y, 2) = 0, obtained by replacing y' by z. To every integral 
y = f(x) of the proposed equation there corresponds a curve I, rep- 
resented by the relations 


(I) y=f@), #2#=f'@), 


which lies entirely on the surface S, since we have 


F[x, f(x), f\(@)] = 0. 
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But this curve T is not any curve on the Pik fie S; along this curve, 
in fact, y and z are functions of x satisfying the relation dy—zdx=0, 
and that relation preserves the same form if we take any independ- 
ent variable in place of a. 

Conversely, let T be a curve lying on the surface S; the codrdi- 
nates x, y, of a point of that curve are functions of a variable a. 
If these three functions, x = ¢,(@), y = $,(@), # = ¢$,(a), satisfy the 
relation dy = zdx, we can deduce from them an integral of the given 
equation; for the first two relations, a = $,(@), y = $,(@), represent 
a plane curve C. Let y= f(x) be the equation of that curve, suppos- 
ing it solved for y. Along the entire curve I we have z = f(x), and 
consequently F[a, f(x), f(x) ]= 0; the curve C is therefore an inte- 
gral curve. There would be an exception only in case the curve C 
were to reduce to a point, and the curve I to a straight line parallel 
to Oz. The two problems are then equivalent: to integrate the given 
equation F(x, y, y')=0 or to find the curves of the surface S for 


which we have 
dy — zdx = 0. 


“This being the case, let us suppose that we can express the coor- 
dinates of a point z, y, z of the surface S explicitly as functions of 
two variable parameters w, v: 


£== f (u,v); y = $(u, v), 2 = W(U, Vv). 


Every curve I of the surface S is obtained by establishing a certain 
relation between w and v, and, in order that that curve shall define 
an integral, it is necessary and sufficient that we have dy = zdz, or 


oo Ob wy, (Z of ): 
Iu ve + ay dv = (u, v) Oo du + Bp dv 


We have thus a differential equation dv/du = 1(u, v), solved with 
respect to dv/du. It is clear that the preceding discussion applies 
also to equations which can be solved for y/’. 

This transformation is immediate for the equations solved for one 
of the variables x or y. For example, let the equation be 


(30) y=f(@, y')3 


we can here take for the variable parameters x and y! = p. The sur 
face S is then represented by the equations 


v=, & =P) y= (2, P); 
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and the relation dy = zdax becomes» 


eee 
(OF) P= bx Cp dx 


This result could have been obtained directly by differentiating the 
relation (30) and replacing y' by p. Let p = (a, C) be the general 
integral of the equation (31); to deduce from it the general integral 
of the equation (30), it will only be necessary to replace z' in the 
equation (30) by $(a, C). 


9. Lagrange’s equation. Let us consider in particular an equation 
linear in the two variables x and y: 


(32) y = oly’) + Wy’). 
Differentiating the two sides, and denoting y' by p, we obtain the 
equation 1 1, 
= ates ae es 
p= $(p) + 2b'(p) 7+ ¥@) a, 


If we consider p as the independent variable, and a as the unknown 
function, that equation, which can be written in the form 


dz ye 
eye ee ee 
is linear and is integrable by two quadratures. Having obtained z 
as a function of py, by putting that value of x in the expression 


y = xo(p) + (Pp), 


we shall have the coérdinates x and y expressed as functions of the 
parameter p and of an arbitrary constant.* 


We can readily discuss the general appearance of the family of integral 
curves by observing that x and y are polynomials of the first degree in the 
arbitrary constant C: 


(83) x = CF(p) + &(p), y = CF,(p) + ©,(p). 


But the functions F(p), F,(p), ®(p), ®,(p) are not arbitrary functions, since 
the parameter p represents the slope dy/dx of the tangent. On this account 
we must have Fi(p) = pF’(p), ®{(p) = p®(p). Let I, 1, be two particular 
integrals corresponding to the values C= 0, ( =1 of the constant: 


Ly = &(p), t, = F(p)+ ®(p), 
Ca ee ah che = F,(p) + ®,(p). 


* The equation (32) can also be reduced to a linear equation by means of Legendre’s 
transformation (I, § 62, 2d ed.; § 36, 1st ed.). 

A homogeneous equation of the form y= x¢(y’), not solved for y’, may be consid. 
ered as a particular case of Lagrange’s equation and integrated in the same way. 
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The equations (83), which represent any integral I, may be written also in 
the form 
bs = C(&, — Lp) + Xp, 
Y = CY, — Yo) + Yor 
At the points M)(%o, ¥), My(,, y,;), M(@, y) of the curves Ty, T,, I, which 


correspond to the same value of p, the tangents to these curves are parallel. 
Moreover, we derive from the preceding expressions 


Y-Y% t€-% C 
Y—Y, e—x, O=1’ 


which proves that the three points M, M,, M, are on a straight line and that 
the ratio MM,/MM, is constant. We have then the following geometric 
construction : Given the two curves Ty, T,, we join the points My, M, of these 
two curves where the tangents are parallel, and we take on the straight line joining 
these points the point M such that the ratio MM,/MM, will be equal to a given 
constant K. If the points M,, M, describe the curves Ty, T,, the point M describes 
an integral curve T, and we obtain the general integral by varying the constant K. 


10. Ciairaut’s equation. A remarkable particular case of Lagrange’s 
equation had been treated previously by Clairaut; every equation of 
the form 


“(34) y =ary' + f(y’) 


is called a Clairaut equation. Following the general method, we 
differentiate the two sides and put p=y’'; this leads to the equation 


(35) [e+ en] 2=0. 


This equation is satisfied by putting dp/dx = 0; whence p=C. The 
general integral of Clairaut’s equation is, then, 

(36) y= Cat f(C). 
This equation represents a family of straight lines, and it is readily 
seen that they are really integral curves. But the equation (35) is 
also satisfied by causing the first factor x + f'(p) to vanish. From 
this it follows that there exists a new integral of the equation (34), 
which is represented by the two equations 

Bt (n= 9, ea pet SP). 

Now the elimination of p between these two equations would lead 
precisely to the envelope of the straight lines represented by the 
equation (36). Hence Clairaut’s equation has also as an integral 
curve the envelope of the straight lines which represent the general 
integral. Since we cannot obtain this integral by giving a particular 
value to the constant .C, we say that it is a singular integral. 
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We are led to Clairaut’s equation when we undertake to determine a plane 
curve by a property of its tangents in which the point of contact does not enter. 
In fact, let y =f(«) be the equation of the desired curve ; then the equation of 
the tangent is Y= /X + y — ay’, and we are led to a relation between y’ and 
y— cy’, that is, to Clairaut’s equation. It is clear that in this case it is the 
singular integral which gives the real solution of the problem. 

Let us propose, for example; to find a curve such that the product of the dis- 
tances from two fixed points F, F’ to any one of its tangents is always equal to a 
constant b?. Let 2c be the distance FF’, let the middle point of the segment 
FF’ be taken for the origin, and let the straight line FF’ be the z-axis. This 
leads to the differential equation 

(y — vy’)? — c?y? = b7(1 + y?) 
if we suppose that the two points F, F’ lie on the same side of the tangent. This 
equation reduces to the form y = zy’ + Vb? + a?y2; hence the genera! integral 
represents the family of straight lines 


y =Cr+V0? + a? C2, a? = b? + c?, 
The singular integral curve, the ie of these straight lines, is the ellipse 


Mee 
which is the true solution of the problem. 


11. Integration of the equations F(x, y!)=0, F(y, y!)=0. The 
equations which contain only one of the variables x or y are inte- 
grable by a quadrature, provided that we can solve the equation for 
y' ($2). If the equation is algebraic, y is an Abelian integral or 
the inverse function of an Abelian integral. Whenever the relation 
is of deficiency zero or deficiency one, we can express x and y as 
functions of a variable parameter, either rationally or by means of 
the classic transcendentals. Let us consider, first, equations of the 
type F(y, y')= 0, of deficiency zero; we can express y and y! as 
rational functions of a parameter u, y=f(w), y! =f,(w), and the 
condition dy = y'dx gives us f'(w)du = f,(u)dx. Then the variables 
«and y are given by the expressions 


(37) y=f(u), vm [oan 


in terms of the variable parameter wv. The same procedure is applica- 
ble to the equations F(y, y')= 0 if the relation is of deficiency one; 
but we must take for f(w) and f,(w) elliptic functions, and a and y are 
expressed in terms of the transcendentals p, £, ¢ (Part I, § 75). 

We can proceed similarly with the equations F (x, y')= 0 if the 
relation is of deficiency zero or one; besides, they reduce to the ees 
eeding form by interchanging a and y. 
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Example 1. The equation y? (y’ — 1) = (2 — y’)? is of deficiency zero. Putting 
2—y =yu, we derive from it y =1+4 u?,y=1/u—u. The relation dy = y de 
becomes here dz =— du/u?. We have, then, x = 1/u + C, and the general inte- 
gral of the given equation is y = «-— C—1/(e—(). 

Example 2. The equation y’ — 3y — 94 — 12y? = 0 represents, if we regard 
y and y’ in it as the codrdinates of a point, a unicursal quartic having three 
double points (y= 0, y= 0), (y=4V— 2/3, y’ =2). We can, in fact, write 
the preceding equation 

(y — 2)? (y’ +1) = By? + 2). 

Putting first y =u?—1, we have 3y?=(u+1)?(u— 2); if we then put 
u— 2=38?, we obtain finally the following expressions for y and y’ as func- 
tions of the parameter ¢: 

y=3(¢ 4 #4), y =38(14+ &) (14+ 3¢?). 
The relation dy = y’dz reduces here to (1 + t?)dz = dt; we derive from it 

t= tan(x + C), 
and the general integral of the given equation is therefore ° 
y = 3tan(x + C) + 8tan? (z+ C). 

Example 3. Let R(y) be a polynomial of the third or of the fourth degree, 
prime to its derivative ; let us consider the differential equation 

(88) y? =Ry). 


We have seen in § 78, Part I, that we can satisfy this equation of deficiency 
one by putting y=f(u), y =f’(u), where f(u) is an elliptic function of the 
second order. The condition dy = y’dz becomes du = dz; the general integral 
of the equation (88) is therefore an elliptic function y = f(x + C). 

If the polynomial & (y) is of lower degree than the third, or if the polyno- 
mial, although of the third or of the fourth degree, is not prime to its derivative, 
the relation (38) is of deficiency zero. We can express y and 7 by rational func- 
tions of a parameter u, and, by applying the preceding method, we easily show 
that the general integral is a rational function of x or a rational function of e. 


12. Integrating factors. The method of integration by the separa- 
tion of the variables was generalized by Euler. The reasoning of § 2 
applies really to every equation of the first order 

(39) P(x, y)dx + Q(a, y)dy = 0, 
where the coefficients P and Q contain both x and y, provided that 
we have 6P/éy = 0Q/éx. This condition is necessary and sufficient 
in order that Pda + Qdy shall be the total differential of a function 
U (a, y), and the function U(«, y) is obtained by quadratures, as we 
have seen (I, § 151). The equation (39) is then identical with the 
equation dU = 0, and the most general solution is given by a rela- 
tion of the form U(z, y)=C between x and y. The equation (39) is 
therefore integrable by quadratures whenever the coefficients P and 
Q satisfy the condition ¢P/éy = 6Q/éa. 
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In order that the preceding method may be applied, it is not 
necessary that we have @P/éy = @Q/éx; it suffices to know an inte- 
grating factor, that is, a factor w(x, y) such that the product 


pu (a, y) [Pda + Qdy] 


satisfies the integrability condition @(uP)/éy = 6(uQ)/éex, or, after 
developing, 


Op Cu u(Z- 2) = 
oD) a oy ar r dy ox) 4 


The investigation of the integrating factors is thus reduced to the 
integration of the preceding equation, which is a partial differential 
equation of the first order. It seems that in proceeding in this way 
we have made the integration of equation (39) depend on an appar- 
ently more difficult problem, but it is to be noticed that it suffices 
to know one particular solution of the equation (40) in order to apply 
the method, and in many cases we can find a particular integral of 
the equation (40) by more or less direct processes. Let us see, for 
example, in what case the equation (39) has an integrating factor 
depending only on x. If we suppose ¢éu/cy = 0, the equation (40) 


becomes om _ _ (eP  aQ 

oe A a 
and the expression [@P/éy — ¢Q/eéx]/Q must be independent of 7; 
if it is, we obtain an integrating factor ~ by a quadrature. Let us 
suppose in addition that Q@=1; then ¢P/éy must be a function X 
of the variable x, and the equation (39) is a linear equation, 


(39') dy + (Xy + X,)dx = 0, 
where X and X, denote functions of x alone. In this case, the equa- 
tion (40) is satisfied by 
ay oak 
and it is easy to show that if we multiply the equation (39') by this 
factor, we have on the left an exact differential 


ele® (dy + Xydn + X de) = a yok i +f Ss ha = 0. 
0 
The calculations which have to be made for the integration are 
exactly the same as in the first method (§ 4). 
We shall show farther on that the equation (40) has an infinite 
number of integrals under very general conditions, which are always 


satisfied in the cases in which we are interested. If we know one 
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. . . 4 . 
integrating factor w,, we can obtain all others in the following way: 
Putting “= p,v, the equation (40) becomes 


(40') 


Now we know one function satisfying this relation: it is the func- 
tion, U(x, y), whose total differential is u,(P dx + Qdy), since the 
partial derivatives ¢U/éx, 0U/éy are equal to w,P and to w,Q. We 
have, then, also (¢v/éy) (@U /éx) — (6v/éx) (@U /éy) = 0, which proves 
that v is of the form ¢(U) and that the general expression for the 
integrating factors is w = “,¢(U), where ¢ is an arbitrary function 
of U. It is easy to show that mw is really an integrating factor, for 


from the identity 
H,(P dx + Qdy)= dU 


we derive, by multiplying by ¢(U), 


bo (U)[P@, y)du + Q(x, y)dy|= $(U) dU, 
and the right-hand side is the exact differential of the function 


F(U)= f s(uyav. 


We deduce from this an interesting consequence: if mw, and m, are 
two integrating factors, the ratio w,/m, is a function of U. If this 
quotient w./p, is not constant, the general integral of the differential 
equation can then be written in the form w,/y, = constant. 

The preceding theorem is sometimes helpful in finding an inte- 
grating factor. Let us consider the differential equation 


(41) Pdz+ Qdy+ P,dx + Q,dy = 0, 


where P, P,, Q, Q, are functions of x, y, and let us suppose that we 
know how to find an integrating factor for each of the expressions 
Pdz+ Qdy, P,dx + Q,dy. The general expression for the integrat- 
ing factors of P dx + Qdy is pp(U), where mw is the known factor, U 
a function of « and y which we obtain by quadratures, and ¢ an 
arbitrary function. Similarly, the general expression for the inte- 
grating factors of P,dx + Q,dy is p,y(U,), where pw, and U, are 
definite functions and y an arbitrary function. If we can choose the 
functions ¢@ and y in such a way that we have 


Lp (U)= Hy(U,), 


we shall have an integrating factor for the given equation (41). 
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Let us take, for example, the equation” 
axdy + bydx + a y"(axdy + Bydz) = 0, 


where a, b, a, B are constants. Every integrating factor of axrdy + bydz is of 
the form ¢(xy*)/xy, and, similarly, every integrating factor of the second 
part is of the form y (a8 y*)/am+1y"+1, In order to have a common integrating 
factor, it will suffice to find two exponents, p and qg, such that we have 


gmyn (x? y%)P = (x8 y*)4, 
which leads to the conditions 
pa—qa+n=0, pb—qB+m=0. 


These conditions are compatible if a8 — ba@ is not zero, and determine an inte- 
grating factor of the form z%y¥, Multiplying by this integrating factor, the 
equation takes the form v?—1dy + v{—1dv, = 0, where we have put v = 2 y%, 
v, =a y*; and this equation is immediately integrable. 

In the particular case where a8 — ba = 0, we obtain from it a/a=B/b=k, 
and the equation can be written in the form (ardy + bydz) (1+ ka™y”) = 0. 

Note. If we know the general integral of a differential equation of the first 
order, it is quite easy to obtain an integrating factor. For let f(z, y) = C be 
the general integral of the equation (39). The differential equation of the curves 
represented by that relation is also (@f/dxr) dx + (af/éy) dy = 0; in order that it 
be identical with the equation (89), we must have 


af af 
Es 
Eee 


and the common value of the two preceding ratios is evidently an integrating 
factor for Pdx + Qdy. Every other integrating factor is equal to this one 
multiplied by an arbitrary function of f(z, y). 


13. Application to conformal representation. The theory of integrat- 
ing factors finds an important application in the problem of conformal 
representation. Let 


ds* = Edu? + 2 Fdudv + Gdv? 


be a quadratic form in du, dv whose coefficients E, F, G are analytic 
functions of w and v such that EG — F? is not zero. We can also 
write ds* in the form 


ds* = (adu + bdv) (a,du + b,dv), 


where. a, , a,, 6, are also analytic functions of uw and v. According 
to a result which will be rigorously proved later, each of the expres- 
sions adu + bdv, a,du + 6,dv has an infinite number of integrating 
factors, which are themselves analytic functions. If p, #4, are two 
such factors, we have the identities 


u(adu + bdv)= dU, H,(a,du + b,dv)= aU, 
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s 
and therefore 


Hp, ds? = dUdU, ; 
whence, substituting 


U=X+¥i, U,=X—-Yi,  pyu,=>> 


we obtain 
Edu* + 2 Fdudv + Gdv? = (dX? + dY*). 


Every analytic surface can therefore be represented on a plane 
conformly ; that is, without alteration of the angles between pairs of 
curves. If the surface is real, we may suppose that the real points 
of the surface correspond to real values of the variables uw, v; the 
coeflicients E, F, Gare real, while a and a, are conjugate imaginaries, 
as also 6 and 6,. We can also take for » and w,, and therefore for U 
and U,, conjugate imaginaries, so that to real values of w, v corre- 
spond real values of X and of Y. To real points of the surface 
correspond therefore real points of the plane. 

Since it is possible to represent every analytic surface on a plane 
conformly, we conclude that any analytic surface can be represented 
conformly on any other analytic surface. 


14. Euler’s equation. A great many devices have been invented for 
the integration of differential equations of special forms. A cele- 
brated example, due to Euler and now known by his name, is the 


equation 
dx dy 
42 —+-<= 
ae ee Ae 
where X and Y are two polynomials of the fourth degree in x and y 
respectively, having the same coefficients : 


0, 


X=a,2'+0,0+ 4,0 +a,x+, 


Y= a,y' oF ay? Ale any iP ay 1 the 


The variables being separated, we obtain the general integral of 
equation (42) by two quadratures, which introduce two transcen- 
dental functions depending respectively upon x and y. Euler’s fun- 
damental discovery, which was the starting point of the theory of 
elliptic functions, consisted in showing that that relation between 
the variables « and y which in appearance is transcendental is in 
reality algebraic. 

Let us first consider the case where X is a polynomial of the sec- 
ond degree, not a perfect square. <A linear substitution enables us to 
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bring it to the form X =A (z*—1), and in this particular case the 
equation (42) becomes 

43 = ee 

oy Vice Wie 
Clearing of fractions, we can write this in the form 


V1 — pda + V1 — ady =d(x@V1i-Y+yV1—2*) 


dz dy ) 
which shows that we have identically 


d(aVi-y+yvV1—=2*) 


Ea dx dy 
= J 1—27)1— sake ( == ): 
L ( )¢ y’) y] aie. Vi-# 
The expression V (1 — a”) (1 — 7’) — zy is therefore an integrating 
factor for the equation (43), and the general integral is given by the 
relation 


(44) eVi-yYt+yVv1i-2v#=C, 
or by the relation 
(45) VG—®)(@— f)— ay =C', 


since the equation (43) has the two integrating factors, 1 and the 
expression on the left-hand side of (45). It is also very easy te 
verify that the two expressions (44) and (45) are equivalent by 
means of the identity 


(a V1 — YtyvVi-#)+[Va—2)a—y¥)—2y] =1. 


Rationalizing the expression (45), we can write the general integral 
of the equation (43) in the form 

(46) et+y+2clry+c"?—-1=0, 
where C' denotes an arbitrary constant, and this equation represents 
the conics tangent to the four straight lines x =+1, y=+1. 

By a bold induction Euler was led to a more general formula of 
the same kind, which corresponds to the case where-X is any poly- 
nomial of the third or of the fourth degree (Institutiones calculi 
integralis, Vol. I, chaps. v, vi). 

Let F(a, y) be a polynomial of the second degree in each of the 
variables « and y and symmetrical with respect to these two variables: 


(47) F(a, y)=A,2°y? + A,xy(x + y) 
+A, (2? + 77) +A, xy +4, (@+y)+A, 
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This polynomial depends upon six arbitrary coefficients AAs As, 
A,, A,, A,, and the relation F(a, y)=0 can be written in two 
equivalent forms: 
(48) F(@, Y=MyY+Ny+P = 0, 
F(a, y)=M,2°+N,24+P,=0, 


where M, N, P are three polynomials of the second degree in a: 
M=A,27+A,x+4A, N=A,a?+ Aw+tA, P=A,27+A,2 +A, 


and where M,, N,, P, are the polynomials obtained by replacing x by y 
in M, N, P. Foitt the relation F(x, y) = 0 we derive Fidx a, dy =, 
or, after replacing Fy and F) by their values, 


(49) (2. M,a + N,)dx +(2 My + N)dy =0. 
We derive, moreover, from the relations (48), 
2My+N=+VN—4MP, 2Mje+N,=+VNI—4MP,, 
and the preceding equation (49) may be written in the form 


dx + dy a 
VN?—4MP VN?—4M,P, 


This relation will be identical with the given equation (42) if we 
have VN? —4MP=4X, which necessarily carries with it the other 
equality Nj —4M,P,=Y. Now, since M, N, P are of the second 
degree, N? — 4 MP is of the fourth degree, and the preceding condi- 
tion is an identity between two polynomials of the fourth degree, 
which requires only five conditions. Since we have six coefficients 
A, at our disposal, we see that one of these coefficients will remain 
arbitrary. There are therefore an infinite number of polynomials 
F(a, y) of the form (47), depending upon an arbitrary constant C 
and such that the relation 


(51) F(a, y)= 9, 


between the variables x and y, leads to the relation (42). Hence the re- 
lation (51) represents the general integral of the proposed equation. 


‘(50) 


The actual determination of the polynomial F(a, y) requires a calculation by 
equating coefficients which can be simplified by means of a geometric repre- 
sentation due to Jacobi. Let us consider, in order to take the general case, a 
polynomial of the fourth degree R(t) prime to its derivative, and let ¢,, t,, t,, t, 
be the roots of R(t) = 0. On the other hand, let = be any conic the codrdinates 
of any point of which are rationa] functions of the second degree of the varia- 
ble parameter t, so that to a point (w, y) corresponds a single value of t; let us 
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call m,, ™,, Ms, m, the points of Z which correspond to the values ¢,, t., tg, Us 
of the parameter. Finally, let 2’ be a second conic passing through the four 
points m,, M,,m,, m,. Every straight line tangent to >’ meets = in two points 
M and M’; if t and ¢’ are the corresponding values of the parameter, the rela- 
tion between t and ¢’ is the one desired. It is evident, in fact, that that relation 
is symmetric in ¢ and t’, and that it is of the second degree in each of the varia- 
bles, for through a point M’ we can draw two tangents to 2’, and so to each 
value of t/ correspond only two values of ¢. 
Let 


(52) F(t, ’)=0 


be that relation. We can derive from it, as we have just seen, a relation 
between the differentials dt, dt’, of the form 


CP We 
VP(t)h ~VP(t) 


where P(t) is a polynomial of the fourth degree. This polynomial P(t) is iden- 
tical except for a constant factor with R(t); for, according to the preceding 
method for obtaining the polynomial P (¢) from F (#, t’) = 0, the roots of P(t) = 0 
are the values of ¢ for which the two values of t coincide. Now the geometric 
significance of the relation (52) shows immediately that this can only occur if 
the two tangents from M to 2’ coincide; that is, if the point WM is one of the 
points m,,m,, mz, m4. We are thus led to the following method, which requires 
only rational calculations, for obtaining the general integral of the equation 


(53) 0, 


dt + at’ 
VEO VE® 


where R(t) = aot4 + a,t8 + at? + a;t +a,. This equation differs only in nota- 
tion from the proposed equation (42). We begin by forming the general 
equation of the conics 2’ passing through the four points m,, m,, Ms, m, of 2; 
that equation is of the form f(z, y) + C¢(z, y)= 0, where C is an arbitrary con- 
stant. We then write the condition that the straight line joining the two points 
M and M’ of 2, which correspond to the values ¢, t’ of the parameter, shall be 
tangent to 2’. The resulting relation, which contains the arbitrary constant C, 
represents the general integral of Euler’s equation. 

To carry out the calculations, let us take for = the parabola y? = x, and let 
us put © = t?, y=1t. The conic 2’ given by the equation 


(54) 


(55) Ag+ A’y? +2 B’ cy +2B’x+2By+ A” =0 
cuts = in four points, given by the equation of the fourth degree in ¢ which is 
obtained by replacing x by ¢? and y by t. In order that that equation shall be 
identical with R(t) = 0, it is sufficient that 

(56) A=@, A’+2B’=a,, 2B’=6,, 2B=4, A =a,. 

The coefficient B’ remaining arbitrary, we shall put B’ = C, which gives 


A’=a,—20C. 
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Let us recall now that the tangential equation of 5’, that is, the condition that 

the straight line az + By + y = 0 shall be tangent to that conic, is given by the 

equation A pee oy 

BIAS BeBe 0 

Boe Ay 

ag 43 xe AO) 

The straight line joining the two points (é, t) and (t/, t’) of = has for its 


equation ae (t Be vy Si = 0. 


(57) 


We can therefore take 

Coal, =—(t+ VU), y=’. 
Substituting the values obtained for A, B, A’, B’, A”, B’, a, B, y in the con- 
dition (57), and replacing ¢ and ¢’ by x and y respectively, we arrive at the gen- 
eral integral of Euler’s equation in the following form, which is due to Stieltjes: 


ay 
ao S. C 1 
ay a 
So Gh SOG Be ones. 
(58) ae Sh ge tte: 
as 
c Ee a a, ry 
| 1 -@t+y) wy 0 


This equation represents a family of curves of the fourth degree, having two 
double points at infinity on Oz and Oy respectively. The equation being of the 
second degree with respect to the constant C, through each point of the plane 
there pass two curves of the family, as we might have foreseen, since the given 
differential equation gives two equal values, but with opposite signs, for the 
derivative 7 at each point. These two values of y’ become equal only if the 
point (z, y) belongs to the curve YY =0, which is composed of four straight 
lines D,, D,, D,, D, parallel to the axis Oy, and of four straight lines A,, A,, A,, Ay 
parallel to the axis Oz. Let us write Euler’s equation in the rational form 
Yda? — X dy? = 0, and let us take a point M (a, y) on one of these straight lines, 
A, for example, not belonging to any one of the D lines. For the codrdinates 
of the point M we have Y = 0, X40, and Euler’s equation gives for y’ a double 
value, 7’ = 0. Hence the straight line A, itself is an integral curve through M, 
But it can be verified that the curves represented by the equation (58) have as 
their envelope the set of eight straight lines given by the equation XY = 0. 
Hence there is a new integral curve tangent to the first one at M. Thus the 
eight straight lines D;, A; are singular integral curves, for they are not included 
among the curves represented by the general integral. 


Note. We have supposed, in order to arrive at the equation (58), that the 
polynomial R (x) was one of the fourth degree and prime to its derivative; but 
it is clear that the result can be verified directly without the hypothesis that 
R(a) is prime to its derivative. We could, for example, form the differential 
equation of the curves represented by the equation (58) by applying the general 
method of § 1, and the equation obtained would necessarily be identical with 
Euler’s equation, whatever may be the values of the coefficients d), @,, 4,, 3, 4, 
since we reach this result when the coefficients do not satisfy any particular 
relation. The equation (58) therefore applies to all cases. 
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15, A method deduced from Abel’s theorem, We can also very easily deduce the 
general integral of Euler’s equation from Abel’s theorem. Let us now denote 
by R(x) a polynomial of the third or of the fourth degree, prime to its deriva- 
tive, and let us consider the curve OC which has for its equation y? = R(z). 
If a variable algebraic curve C’ meets the curve C in three variable points 
only, M,, M,, M,, we have shown (Part I, § 103) that the coordinates (£1, 3), 
(a) Yo), (Cg, Yz) Of these three variable points satisfy the relation 

dz, , dt, , di, 

(59) vi “fi Ve =e Vs 

If the variable curve C’ depends upon two variable parameters which we 
can select in such a way that two of the points of intersection, (Z,, Y,), (£2, Yo); 
can be brought to coincide with any two points of the curve C given in advance, 
the codrdinates of the third point of intersection, (z,, y,), are functions of the 
codrdinates (€,, Y1; Ly, Yo) Of the first two, and satisfy the relation (59). The equa- 
tion dx,/y, + dx,/y, =0 is therefore equivalent to the equation dr,/y, = 0, whose 
general integral is z, = constant. Now, since the points (£,, y;), (£2, yg) are on the 
curve CO, we have yj = R(2,),y3 = R(z,), and the equation dz,/y, + dz,/y, = 0, 
which may be written in the form 


gas We cs vs 
VR(@,) VR (@) 


is identical with Euler’s except in notation. In the expression which gives the 
general integral 


= 0. 


(60) == 0, 


(61) L_ = F(&,, Y;3 Lo, Yo) = const. 


we should replace y, and y, by VRA(x,) and V R(x,) respectively, the deter- 
minations of the two radicals being the same in the two expressions (60) 
and (61). We thus obtain for the general integral an expression containing 
radicals, while the result (58) is rational. But the irrational form is in certain 
cases the more advantageous. 

Let us carry out the calculations, supposing the polynomial R(x) reduced to 
the normal form of Legendre, R(x) = (1— x?) (1— kx”), where #? is different 
from zero and from unity. The parabola 0’, 


(62) y = ax? + be +1, 


meets the curve C represented by the equation y? = R(x) in the point (c = 0, 
y =1) and in three variable points whose abscissas 2,, 2, 2; are roots of the 
equation 


(63) (a? — k?)a8 + Qaba? + (bP? + 2a4+h241)24+2b=0, 


which is obtained by eliminating y and suppressing the factor a. 
We derive from this equation the relations 


_ _2ab P+4+2a+kh41 
ag Geogr eae ty + tyty + ony = BET, 
toe Sete 
a Sa Re. 
whence Bie 


(64) Ly + ©, + Lz = AX, Ty. 
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The condition that the parabola O’ passes through the two points (@1, Y1)s 

(£2, Y2), enables us to determine a and b. We have in particular 
Cena hee Bite = wae, 

Sm 
Substituting this value of a in the preceding expression, we obtain finally the 
expression for x, in terms of @,, Y1, Ly, Yo: 


xi — «2 
Se foe SE MS 
TY — %% Yo 
The general integral of Euler’s equation, 
dx dx, 


(65) 0, 


1 
a = 
VR@) VE (a) 
is therefore represented by the expression 
x? — 22 


6.1 Be) ie B (2) 


(66) a= C. 


16. Darboux’s theorems. Let us consider a differential equation of the form 
(67) - —Ldy+ Mdz+ N («dy — ydz) =0, 
where L, M, N are three polynomials in.x, y of at most the mth degree, and 
¢ ° 
where at least one of them is actually of the mth degree. In order that the 
relation u(x, y) = constant shall represent the general integral, it is necessary 
and sufficient that the equation (67) be identical with the equation 
ou ou 
—— OP 0h 0) 
ox cy eS : 
which requires that we have 


(68) Le Me Not ty )=0. 


This condition assumes a more symmetric form if we replace x by x/z and y 
by y/z, where z is a fictitious variable which we shall always suppose equal to 
unity after the indicated operations have been performed. Then u(a, y) 
changes into a homogeneous function of degree zero, and we have 


ou ou ou 
z SPY Sa eS = 
OL cy 0% 


0. 


The condition (68) takes now the form 


Ou ou ou 
69 L M N =A(u)=0. 
EL pe ae Oz 7 


0 

Conversely, if we have obtained a homogeneous function of degree zero, 

u(x, y, 2), Which satisfies the relation (69), u(x, y, 1) = constant represents the 
general integral of the equation (67). 

Darboux* has shown that we could form a function u (a, y, 2) satisfying 

these conditions if we knew a certain number of algebraic integrals of the 


* Sur les équations différentielles algébriques du premier ordre et du premier 
degré (Bulletin des Sciences mathématiques, 1878). 
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equation (67). Suppose that the equation (67) has an algebraic integral defined 
by the relation f(x, y) = 0, where the polynomial f(z, y) is irreducible and of 
degree h. Repeating the previous work, we find that the relation 
6 é 
(70) p24 uZ_n(eZ+yZ)=0 
Ox OL oy 
must be a consequence of the equation f(z, y)= 9. If we again replace x by 


x/z, and y by y/z, and then multiply by z’, f(z, y) becomes a homogeneous 
function of «, y, z, of degree h, satisfying the relation 


of Ok ay 
=k 
_ Ox ee oy ak: Oz Is 
and the condition (70) becomes 
(71) A(f)=Le. La weve = = Nit. 


This condition is not satisfied roe but by reason of the relation 
f(x, y, 2)=0. Since the last relation is irreducible by hypothesis, it is neces- 
sary that we have identically 


(72) A(f) =f, 
where K denotes a polynomial in x, y, z which is necessarily of degree m — 1, 
for if f is of degree h, A(f) is of degree m+ h—1. 


Let us now suppose that we have found p algebraic solutions of the equa- 
tion (67), defined by the p following equations : 


f,@, y) = 0, SI, (2, y) = 9, gee So (2, y) = 9, 


where f,, f,,-+:, fp are irreducible polynomials of the degrees hy, h,,---, hp. 
This requires that we have p identities of the following form : 


(73) AQA)=Kif, A) =Kafys +++) ACS) = Eo hr, 
where the polynomials K,, K,,---, Kp are all of degree m—1. 
Let us observe that the pacabone operator A(f) has properties analogous to 


those of a derivative. In particular, we can apply to it the rule for the deriva- 
tive of a function of functions: if F(u, v, w) is any function of u, v, w, we have 


A(F) = — oF A(u) os 40) + oF A(t). 


Consequently, if we put u = ie 1 ft... Lae where @, @,-+++; @p are any con- 
stants, we have 
A(uU) = ay ffi) for f2? A(f,) + ag fer fer}.. “fo A( fy) + + 


or, by (78), 
A (u) = (a, Ky + a, Ky + +++ + ap Ky) u. 


The function u(x, y, z) is a homogeneous function of degree 
hy + Aghyt +++ + Ayhy 
If we can dispose of the constants a, --- @ in such a way that we have 


ahy t-+++ Gh, = 0, 
74 14 py Up 
iy { art -+ aK, = 0, 
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the equation u(z, y, z) = constant will fum#sh the general integral of the given 
equation, by what we have established above. 

The equations (74) form a system of m(m-+1)/2+1 homogeneous equa- 
tions in @,, @,+++, @p, since the polynomials K; of degree m—1 contain 
m(m + 1)/2 terms. We shall surely be able to satisfy all these equations by 
values of a; not all zero, and therefore to complete the integration, whenever 
there are more unknowns than equations; that is, whenever we have 


— m(m +1) 
2 


This is Darboux’s first theorem. If the equations (74) are not independent, 
we can find the solutions without requiring p to reach the preceding limit 
m(m + 1)/2+ 2. A large number of examples in which this is the case will 
be found in Darboux’s paper. 

If we know only p = m(m + 1)/2 + 1 particular algebraic integrals, we can, 
in general, dispose of the p constants a; in such a way as to satisfy the conditions 


(75) p= + 2. 


oL @M oN 
a |OyYSté«K 
A hy + Ayhg + +++ + Ahly =—m-— 2, 


(76) a, Ky + aK, + +--+ a Ky =— 


which are equivalent to a system of m(m + 1)/2 +1 linear non-homogeneous 
equations. “The function wu thus obtained satisfies the two equations, 


ou oL oM aN 
Let Me a+ We i ih aba 
ou 
pete DONT) = 
nts ae + (m+ 2)u=0; 


whence we derive, by ae du/dz and replacing z by 1, 


ou ou CL OMS CN 
Lou — w| m4 Quter Stu | +u(G+S +e) =e 


But, since the function N has been made homogeneous by substituting w/z for x 
and y/z for y, and then multiplying by z”, we also have, after making z = 1, 


ON _ oan’ on oN 
epee Fae et ay: 
so that the preceding relation may be written also in the form 


ou ou 
needy Pe see = 
(1) (L—Ne) + 2 (a — Ny) 


IN 
a ere —2N) =0. 
ox oy Ox oy 


It is easily seen that this last condition expresses the fact that wu is an integrat- 
ing factor for the equation (67), and we obtain thus Darbous’s second theorem : 


If m(m-+ 1)/2 +1 particular algebraic integrals of the equation 67) are known, 
an integrating factor can be determined. 


The proof of this last theorem is not complete in the particular case where 
the determinant of the coefficients of the unknowns a; in the m(m 4+ 1)/2+1 
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equations deduced from the relations (76) turns out to be zero. But we can then 
satisfy the m(m + 1)/2 + 1 homogeneous equations, obtained by suppressing the 
right-hand sides, by values of the a; not all zero, and therefore obtain the 
general integral by the first theorem. 

Example. Let us consider in particular Jacobi’s equation (§ 6); the num- 
ber m is here equal to 1. Let us look first for the linear integrals of the form 
ux + vy + wz = 0. By the general method we must have identically 


u (bz + We + b’y) + v(cz + Ca + cy) 
+ w(dz+ We + a’y) = dA(uz + vy + wz), 


where 2 is a constant factor. This leads to the three conditions 


ub + ve + w(a— r) = 0, u(b’ — r) + ve’ + wa’ = 0, 
ub” + v(c’ — d) + wa” = 0,7 
and, after eliminating u, v, w, we find again the equation in \ obtained by the 
first method (p. 12). 

Let us limit ourselves to the case in which the equation in \ has three dis- 
tinct roots \,, \,, Az. Each of these roots furnishes a linear integral, and we 
therefore have three linear functions, X, Y, Z, giving the three identities 

PAs 29) NG, AAs (Ya \i==a Noel AZ) = e2s 


By the general theory we can deduce from them the general integral, since 
in this case m =1. For this purpose it is necessary to determine three numbers 
a, B, y satisfying the relations 


at+B+y=0, Or, + Bry + YAz = 0. 
We may take a =), — dg, B = Ag — Ay, Y = Ay — Ag, and the general integral of 
Jacobi’s equation is therefore 


XA2— As VAs—ALZA1— Ae = const. 


17. Applications. When we seek to determine a plane curve by a 
given relation F(a, y, m)=0 between the codrdinates (2, y) of a 
point on the curve and the slope m of the tangent at this point, the 
curves desired are evidently obtained by the integration of the differ- 
ential equation of the first order F(a, y, y')=0, which we obtain 
from the given relation by replacing in it m by y'. If this equation 
is of the gth degree in y', there pass in general g such curves through 
each point of the plane, as will be proved farther on. Let us con- 
sider, for example, a family of curves C, represented by the equation 
(x, y, «)= 0, depending upon an arbitrary parameter, and let us 
try to find their orthogonal trajectories, that is, the curves C! which 
cut orthogonally in each of their points a curve C passing through 
the same point. Let m, m!' be the slopes of the tangents to the two 
orthogonal curves C, C' passing through the same point (x,y). Then 
m and m' must satisfy the relation 1+ m!'m=0. On the other hand, 
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let F(a, y, y')= 0 be the differential équation of the given curves C. 
Then we have F(a, y, m)= 0, since m is the slope of the tangent to 
a curve C passing through the point (a, y). It follows that 


(2, Y= =) = 0. 


Moreover, m' is also the slope of the tangent to a curve C’ passing 
through the point (a, y); hence the curve C’ satisfies the equation 


~ 1 
(78) r(2, Y; -7)=9 


and we obtain the differential equation of the orthogonal trajectories 
of the curves C by replacing y' by —1/y' in the differential equation 
of the curves C. 


In order to obtain the differential equation of the curves C, we must 
eliminate a between the two equations = 0, (0@/0x) + (0 /dy) y'= 0. 
Therefore,én order to obtain the differential equation of the orthogonal 
trajectories, it will suffice to eliminate a between the two relations 
& = 0, (Cb/cx) y' — (6@/dy) = 0. 

Let us take, for example, the conics represented by the equation 


y+32?—2ax=0, 


where a is a variable parameter. The application of the preceding 
method leads to the homogeneous differential equation 


(7 —32)y' + 2ay = 0, 


which becomes, after putting y = wx and separating the variables, 


x ‘ u (Vince Eo Be Salty a ea 
Solving this equation, we find 
cci=Cw—1), o Y= CYy—-2’). 


The orthogonal trajectories are therefore cubics with the origin as a 


double point. 
Let us consider in a more general manner a surface S$ the coérdi- 
nates x, y, of any point of which are expressed as functions of 


two parameters w, v: 


z=f(y,%), y=), 2 =¥(u, 0). 
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We derive from these expressions 


dx = ef du + af dv, dy= ‘¢ du + “$ dv, dz= _ du + re dv. 
To every value of the ratio dv/dwu corresponds a tangent to the sur. 
face passing through the point (u,v). If we wish to determine the 
curves of that surface such that the tangent to one of these curves in 
any point depends only on the position of that point on the surface, 
we are again led to integrate a differential equation of the first order : 


dv 
(79) F(u, v, Fo ae 0. 


Conversely, every equation of this form establishes a relation between 
a point of a curve lying on the surface S and the tangent at that point. 

Let us, for example, try to find the trajectories at a constant 
angle V to a family of given curves lying upon the surface. Given 
two curves, C, C’, passing through a point (uv, v) and cutting at an 
angle V, we have the general formula (II, Part I, $ 20) 


Edudu + F(dudv + dviu) + Gdvbv 
b] 
VE di? + 2 Fdudv + Gd? VES? + 2 Fdubv + Gov? 


(80) cos V= 


where E, F, G have the usual meanings, where dw and dv denote 
the differentials relative to a displacement on C, and where 8 and 8 
denote the differentials relative to a displacement on C’. The curves 
C' being given, 6v/8u is a known function of w and v, dv/du = (x, v). 
Replacing 8v/8u by 7 (w, v) in the preceding relation (80), the result- 
ing relation F(u, v, dv/du) = 0 is the desired differential equation of 
the trajectories. 

Let us consider in particular the trajectories at a constant angle 
to the meridians of the surface of revolution, 


x = p COS w, y = pSina, 2 =f (p). 
We have here 


u =p, U0, E=1+4 f"(p), [peat Ca dy = 0; 
hence the equation (80) becomes 

T+ PO, 
V(t +.%(p)]dp? + p'da® 


Cosa 


Solving for dw, we find 


12, 
dw = tan V v1 +i (e ope 
p 


whence w can be obtained by a quadrature. 
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Zs 
Ill. EQUATIONS OF HIGHER ORDER 


18. Integration of the equation d”y/dx” = J(x). Given a differen- 
tial equation of the mth order, 

(81) ot F(a, y y's y", +++ y*); 
where y® = d‘y/dz‘*, this equation and those which are obtained from 
it by repeated differentiation enable us to express all the derivatives, 
beginning with y”, in terms of a, y, y', y",---, y*-). If, then, for a 
particular value x, of the independent variable we are given the cor- 
responding values y, yj, +++, yf"? of the unknown function y and of 
its m —1 first derivatives, we can calculate the values of all the 
derivatives of y for the value a, of #, and form a power series, 


(82) y+(@—a)y t+ 2S yp... 4 EBM yoy, 
whose value represents the integral in question, provided that inte- 
gral can be developed by Taylor’s series. Up to the time of Cauchy’s 
work the convergence of this series had been assumed without 
“proof.* We shall see later that the series does converge under cer- 
tain conditions which will be stated precisely. We shall indicate 
here only some simple types of differential equations of the nth 
order whose integration can be reduced to quadratures or to the 
integration of an equation of lower order than n. 
The differential equation 


(83) aL = £@ «) 


constitutes the simplest possible type of differential equation of the 
nth order. It can be integrated by means of m successive quadra- 
tures; for, indicating by x, any arbitrary constant, we have 


[2-1 x 
inf Fe)de+ Cy 
a 2y 
a) lee Se) da + C,(@ —%,) + C,, 


sph ol Beatie) ead ig ta) 
(n —1)! (n — 2)! 


ret Cons, 


* See, for example, the Traité by Lacroix. 
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where C,_1, Cn—2)+**, C, are n arbitrary constants which are equal 
respectively to the values of the integral and of its first (n —1) 
derivatives for = a,. 

We can replace the expression 


y= [asf de... f I (a) dz, 


which contains n successive signs of integration, by an expression 
containing only a single quadrature, to be carried out on a function 
in which the variable x appears only as a parameter. It is easy to 
verify this fact, which will appear later as a special case of a general 
theory (§ 39). For if we put 


eee Gear) 2) dz 
(84) 7G =n 2) J (2) dz, 


we obtain successively, by the application of known rules, 


dY. 1 ; , ale Va ip 
fie af @-or@m -- Fatal seas 


and, finally, d”Y,/dx" = f(x). The function Y, is therefore an inte- 
gral of the equation (83). Besides, the two functions Y and Y, vanish, 
as do also their first (xn —1) derivatives, for «=«,. Their differ- 
ence, which is a polynomial of degree equal to » — 1 at most, cannot 
be divisible by (@—-,)" unless it is identically zero. We have 
therefore Y, = Y. 


19. Various cases of depression. The most usual cases in which the 
order of the equation can be depressed are the following: 

1) The equation does not contain the unknown function. An equa- 
tion of the form 


d*® qkt1 qd” 
(85) r(x, —4,.. “= 0 (1=ksn) 


.? % ? < 
da*®” daktt1 > dam 


reduces immediately to one of order x — k by taking u = d*y/dz* as 
a new unknown function. If the auxiliary equation in wu can be inte- 
grated, we shall then obtain y by quadratures, as has just been 
explained. 

It sometimes happens that we can express x and u = d*y/dz* in 
terms of an auxiliary parameter ¢, 


z=f, = 40, 
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where the functions f and ¢ contain’ also the arbitrary constants 
introduced by the integration of the equation in vw. We can then 
express y in terms of ¢ also by quadratures. We have first 


dy®-) = d(t)dx = o(t) f'(é) dt, 
whence we derive 7*—. Continuing in this way, we calculate suc- 
cessively y*—®,..-, y' up to y. 
2) The equation does not contain the independent variable. Given 
an equation of the form 


we oP) = 
oo F(y, dx’ dat’? ax) — © 


we can reduce it to the preceding form by taking y for the independ- 
ent variable and 2 for the unknown function. Then the new equa- 
tion does not contain a, and, taking dx/dy for the new unknown, we 
are led to an equation of order n —1. But we can carry out these 
two transformations simultaneously by taking y for the independent 
variable and p = dy ie for the dependent variable. This gives 


oe Of MBO atl ep \ rh ; UP 
wal? pArlie dy Read, # Ge dy’ 


and so on. In general, d"y/dx” can be expressed in terms of p and 
of its first r —1 derivatives with respect to y. The resulting differ- 
ential equation is of order n — 1. 

Let us suppose that we have integrated this auxiliary equation of 
order n — 1, and for the sake of generality let us suppose that y and 
p are expressed in terms of a variable parameter ¢, which may be one 
of the variables themselves. Then we shall have y= f(t), p = $(8), 
where the functions f and @ depend also on arbitrary constants. 
From the relation dy = pda we derive f'(t) dt = $(t) dz, so that x in 
turn is obtained by a quadrature, 


¢ xO 
This method is especially useful for the equation of the second order, 


FY, y',y")=9 
which is thus reduced to an equation of the first order, 


dp 
as PrP dy = 
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Let p = $(y, C) be the general integral of this equation of the first 
order. From the relation dy/dx = $(y, C) we obtain « by a quadrature, 


ea! ae 
ae ‘ 
$(y, © 


If the general ct of the equation in p is solved for y and 
appears in the form y=/(p, C), we have, in the same way, 


f'(p) dp = p de 
Vi, i 
a 


The coordinates of a point of an integral curve are thus expressed 
in terms of an auxiliary variable p which represents the slope of the 
tangent to the curve. 

3) The equation is homogeneous in y, y', y",-+-, y™. Tf the degree 
of homogeneity is m, the equation is of the form 


! " (n) 
(87) yr(2,tt,....H)=0, 


and therefore 


y y Y 


and we see that, if y, is a particular integral, Ay, is also an integral 
for any value of the constant ». The order of this equation is 
lowered by unity by putting 

y = Pl 


This substitution gives 
udx udx 
Ge uel ; y" =(u' + wv’) ow : “wh. 


and, in general, y is equal to the product of nhs and a polynomial 
in u, u', w",---, uw@-Y, Substituting these values in the given equa- 
tion, we obtain an equation of order m — 1. 

4) The equation is homogeneous in x, y, dx, dy, d?y, +++, d"y. In 
this case the equation is not changed by substituting Ca for x, and 
Cy for y, where C is any constant. Let us now take a new dependent 
variable v= y/a and a new independent yariable ¢ = Logz. The 
new differential equation does not change if we replace ¢ by ¢+ Log C, 
leaving w unchanged; hence it does not contain explicitly the vari- 
able ¢. This is readily verified, for it is easy to see that the given 
equation must be of the form 
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2 
If we put y = ua, we have, as a general expression, 
y®? = eu? + pu®—), 


and the quantities y', xy", a7y'", ... are expressible in terms of wu, aw’, 
au", +--+, 2*u™, so that the transformed equation takes the form 


Dlien ate ee) 0: 


If we now put a = e', we have successively for the products aw, 
xu", --- certain functions of du/dt, d?u/dt?, -.-, and we are led ta 
an equation which does not contain the variable ¢.* 


Yote. In the various cases of reduction which precede, it may 
happen that we can obtain certain integrals of the auxiliary equation 
without being able to determine the general integral. The preced. 
ing methods are still applicable and enable us to obtain by quadra: 
tures integrals of the given equation containing less than n arbitrary 
constants. 


20. Applieations. 1) Equations of the form 7” = f(y) come under the preced- 
ing types. We can integrate them directly without any transformation, for if we 
multiply the two sides by 2y’, we deduce from the result, by a first integration, 


y 
y2=C+ f 2F@)dy =F) +, 
% 
and we have next, by a quadrature, 
eC 
ya) + © 
Let us consider, for example, the equation 
Y= ayy? + ay? + Mey + Az, 
where one at least of the coefficients a), a, is not zero. Multiplying the two 
sides by 27 and integrating, we find 
Le Rae 2 
y? Sy +5 uy? + ay + 2a,y+C. 
oO 


The general integral of this new equation is an elliptic function (§ 11), which 
may in special cases reduce to simply periodic functions, or even rational func- 
tions, if the constant C has been so chosen that the polynomial on the right has 
a factor in common with its derivative. 


* We may proceed in another way by taking wu and v=‘«v/ for the variables. This 
gives du/du=w’+ xu”, and therefore x?u” = (dv/du) wx — xu’, or 
dv 
Qa =v av_ 
ad du 
Continuing in this way, we are led to a differential equation of order (n-1) in 
u and v. 
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2) It may happen that we can apply successively several of the methods of 
reduction to the same equation. Let us take, for example, the equation of the 
fourth order 572 — 3y’y'v = 0. If we first put y’” = u, we derive from it an 
equation of the second order, 5 u — 3 uu” = 0, which is homogeneous in wu, u’, u”. 
Let us put 


re ed? dz | 
the equation becomes 3 v’ = 2 v?, or v/v? = 2/3, from which we obtain 
beep! 
v=—— , 
2e+a 


where a is an arbitrary constant. Hence we have 


U=y’=d(et+ a)~ , 

y =—2b(u +a)? +0, 

y=—4b(e+ a)? + cz + d, 
where b, c, d are three new coustants. We find, therefore, that the general 
integral represents a system of parabolas (§ 1). 

3) Let it be required to determine the plane curves whose radii of curvature 
are proportional to the portion of the normal included between the foot M and 
the point of intersection NV of that normal with a fixed straight line. Taking 
the fixed straight line for the z-axis, the differential equation of the problem is 


(88) 1+ y7 + nyy” =0, 
where the coefficient » is equal to the ratio of the radius of curvature to the 
length MN, preceded with the sign + or —, according as the direction from M 
to the center of curvature coincides with the direction MN or with the opposite 


direction. In order to integrate this differential equation (88), let us put 
y’ =p; it becomes 


d 
1+ p+ wp =0, 
which can be written in the form 
LE abd a 
yp Disa 


from which we derive, by a first integration, 


y=C(1+p2) 2, 
where C is an arbitrary constant. The relation dy = pdz gives us next 


wo/F 


vs 
———1 
— Cp (1+ p*) 2 dp=pdz, 
or 


eS 
@ = a— uC [1+ p%) 2 “dp. 


Let us put p = tana; all the curves obtained by varying O and Ly result 
from a translation and an expansion about the origin of the curve I represented 
by the equations 


a 
(L) t=— wf cos" ada, y = costa, 


It is easy to get an idea of the form of the curve from these equations, what- 
ever may be the value of w. If « is an integer, we can carry out the integration. 
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If u is a positive integer, the curve has no iifinite branches, but it may have 
two forms that are very different in appearance, according to the character of s. 
If uw is an odd integer, x is a periodic function (Part I, § 16), and the curve 
I is an algebraic closed convex curve. If uw is even, x increases by a constant 
quantity different from zero when @ increases by 27; y is always positive. 
We have a periodic curve with an infinite number of cusps on the z-axis. The 
appearance of the curve is that of a cycloid ; it isa cycloid for u = 2. 


Note. In the examples which we have just studied we always try to reduce 
the integration of a differential equation to the integration of an equation of 
lower order. However singular it may appear at first sight, the reverse process 
may sometimes succeed. Given, for example, an equation of the first’ order 
F(x, y, y’) = 9, by combining with it a second equation obtained from it by 
differentiation, we obtain an infinite number of equations of the second order 
which are satisfied by all the integrals of the original equation. Suppose that 
we can find thus an equation of the second order which is integrable, and let 
y = $¢(x, C, C’) be the general integral. All the integrals of the original equa- 
tion of the first order are included in this expression, but since they depend 
upon only a single arbitrary constant, there must be a relation between the 
constants C, C’. In order to obtain it, it suffices to write the condition that the 
function ¢(z, C, C’) satisfies the original equation of the first order; we are 
thus led to a Certain number of relations between the constants C, C’, and these 
relations should reduce to a single one. 

A most interesting example of this device is due to Monge, who made use of 
it to find the lines of curvature of an ellipsoid. Let 2a, 2b, 2c be the three 
axes; the projections of the lines of curvature on the plane of the major axis 
and the intermediate axis are determined by the differential equation 


Agyy® + (2? — Ay? — B)y’ — zy = 0. 
(89) ~ a? (b? — c?) oR a* (a? — b?) : 
b? (a2 — c2) Que 
Differentiating the equation (89), and then eliminating the expression 
gc? — Ay? — B, 
we obtain the differential equation of the second order, 


“a 7 1 
¥+7_-=0; 
Voy 


x 
whence we derive first yy’ = Cz, then y? = Cz? + C’. 

The general integral of the equation (89) will be obtained by establishing 
between C and (’ the relation ACC’ + C’ + BC = 0, as is seen by replacing y? 
by Ca? + C’ on the right-hand side.* 
ee EEEESEEEEEEE 

* The equation (89) can also be easily integrated by the classic processes. It suffices, 
in fact, to put 22 = X, y2 = Y, after having multiplied all the terms by xy dx®, in order 
to transform it into the Clairaut form. } 

Lagrange and Darboux have employed similar devices to integrate Euler’s equation 
(see J. BERTRAND, Traite de Calcul intégral, pp. 569-572). We can also regard a cer- 
tain theorem of Appell’s as an illustration of the same procedure (Comptes rendus, 
Noy. 12, 1888). 
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EXERCISES 


1. Find the differential equation of all conics by starting from the general 
unsolved equation and eliminating the coefficients between it and the rela- 
tions obtained by five successive differentiations. 


2. Integrate the differential equations 


(y?@—-yP=yy?+y)?, y(lt+2y%)+ cy =0, 
(+ yyy" =(8y?2?-1)y%, @+y)y’—yy? + ay? + wy —y=9, 
ary’? + 2ay(y—2a)y—2y*(y—2a)=0, ayy” + ay? — yy =0, 
yi + 3y2+yi'—4=0. 

3. Apply the general methods of depression to the integration of the differ- 
ential equation of conics. 

4, Find the integrals of the equation y” = 2y?(y—1) which are rational 
functions or simply periodic functions of the variable. 

[Licence, Paris, 1899.] 

5. Given a triangle ABC and a curve I in its plane, let a, b, c be the points 
of intersection of the sides of the triangle with the tangent at m to the curve I. 
Find the curves I for which the anharmonic ratio of the four points m, a, 5, ¢ 
is constant when the point m moves on one of them. 

The anharmonic ratio of the tangent at m and the straight lines mA, mB, mC 
is also constant. ; 

6. Given a point O and a straight line D, find a curve such that the portion 
of the tangent MN included between the point of contact M and the point of 
intersection N of the tangent and the line D subtends a constant angle at O. 

(Licence, Besancon, 1885. ] 

7. Find the projections on the zy-plane of the curves lying on the paraboloid 

2az = mx? + y?, whose tangents make a given constant angle y with the axis Oz. 
[Licence, Paris, 1879.] 

8. Find the orthcgonal trajectories of each of the families of curves repre- 

sented by one of the following equations: 


y? (2a — 2) = 28, y? + mz? — 2ar = 0, 
(x? + y?)? = a®ay, x? + y? = a log (2) , 
where a is the variable parameter. 


9. In order that the equation @ (x, y) = C shall represent a family of parallel 
curves, it is necessary and sufficient that we have 


GA) (+0 


where ¢(@) is any function of 6. 
[Write the condition that the orthogonal trajectories are straight lines.] 


10. Find the necessary and sufficient condition that the integral curves of 
the equation y’ = f(x, y) form a family of parallel curves, and show that the 
integration can be carried out by a quadrature. 

[Licence, Paris, 1898.] 

11*, Form the general equation of the conics which cut a given conic C 
orthogonally at the four common points. These conics form, in general, several 
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distinct families. Find the orthogonal trajeétories of each of these families. 
Hence derive all the orthogonal systems of which the two families are made up 
of conics. [If f=0, ¢ = 0 are the equations of two conics cutting each other 
orthogonally at each of their four common points, we have an identity of the 
form 
of od , of dg 
re ars ape 


where ) and yu are two constant coefficients. ] 


12. Find the condition that the integral curves of the differential equation 
y =f(«, y) form a family of isothermal curves, and show that an integrating 
factor can be found. 

[Sornus Liz. ] 

13. Let y,;, y, be two particular integrals of Riccati’s equation (26) (§ 7). 
Show that the substitution (y — y,)/(y — y,) = % reduces the equation to the 
linear equation 

a+ X(y;— y.)z = 0. 


14, Find a plane curve C such that the triangle formed by any point M of 
the curve, the corresponding center of curvature, and the foot of the ordinate 
of the point M, has a constant area. Show that one of the codrdinates can be 
expressed as a function of the other by a quadrature, and that we can obtain a 
knowledge of the form of the curve without having the definite equation. [The 

,axes of codrdinates are supposed to be rectangular.] 
[Licence, Paris, 1877.] 

15. Given a plane curve C, let M be any point of that curve, P the center of 
curvature of the curve at the point, and MT the tangent. Through the point 
T where the tangent cuts the axis of x, draw a straight line parallel to the axis 
of y, meeting the normal MP in a point N. Determine the curve C so that the 
ratio of MP to MN is constant. 

[Licence, Toulouse, 1884.] 

16. Determine the surfaces of revolution such that in each of their points 
the radii of curvature of the principal sections are directed in the same sense 
and have a constant sum a. Sketch a figure of a meridian of the surface. 

(Licence, Toulouse, 1878. ] 


17*. Show that the general integral of Euler’s equation can be written in 


the form 
Pee 


2 
)-aietut-qetn-a=6 

EY, 

where X = ayz* + a,0% + ax? + age + a, and where Y has an analogous 


meaning. [LAGRANGE. | 


[It suffices to solve the equation (58) (§ 14) with respect to the constant. 
After a few transformations we obtain Lagrange’s form. ] 
18. The asymptotic lines of the surface represented by the equations 
g= A(u— a)y"™(v— a)", 
y = Blu — bym(v— by, 
z= C(u— cym(v— c)" 
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are obtained by the integration of Euler’s equation when we have m =n or 
m+nz=1. Deduce from this result the asymptotic lines of the tetrahedral 


surface 
gL m y m Zz m 
= “ =) =A 
(") - (?) + (®) 


19. How can we determine whether a differential equation 
dy — f(x, y)dc =0 


has an integrating factor of the form XY, where X depends only upon a, and 
Y depends only upon y, and find this integrating factor when it exists ? 
(Licence, Paris, October, 1902.] 


20*. Given a plane curve C, the middle point m is taken of the cord MM’ 
which joins any two points M, M’ of that curve. The point M remaining fixed, 
if the point M’ describes the curve C, the point m describes a similar curve c. 
Prove that the curves c satisfy a differential equation of the first order, which is 
integrated, like Clairaut’s equation, by replacing 7 in it by an arbitrary con- 
stant. (Bulletin de la Société mathématique, Vol. XXIII, p. 88.) 

21. Integrate the differential equation 


+f ” of PE A eo +s 
F(y 1¥ — ty, y — 2 oy )=0. 


We observe that y’” appears as a factor in the derivative of the left-hand 
side. There exist equations of an analogous form and of any order (see Dixon, 
Philosophical Transactions, Vol. CLXXXVI, Part 1; Rarry, Bulletin de la 
Société mathématique, Vol. XXV, p. 71; Bounitzxky, Bulletin des Sciences 
mathématiques, Vol. XX XI, 2d series, p. 250), 


CHAPTER II 
EXISTENCE THEOREMS 


The first rigorous investigations to establish the existence of the 
integrals of a system of ordinary differential equations or of partial 
differential equations are due to Cauchy. That illustrious mathe- 
matician gave for analytic equations a type of demonstration based 
on a method of comparison to which he gave the name of “calculus 
of limits” (ealeud des limites). We owe to him also another method 
which does not assume the functions to be analytic, and which we 
shall discuss later. 


I. CALCULUS OF LIMITS 


9? 


21. Introduction. The fundamental idea of the calculus of limits 
consists in the use of dominant functions. The reasoning is quite 
analogous to that which has already been used to establish the 
existence of implicit functions (I, § 193, 2d ed.; § 187, 1st ed.). 
Since every analytic function has an infinite number of dominant 
functions, we see that the method can be varied in a great many 
ways. The simplicity of the demonstrations depends largely on the 
choice of the dominant functions. Since the work of Cauchy, his 
proofs have been perfected and extended to more general cases by 
Briot and Bouquet, Weierstrass, Darboux, Méray, Riquier, Madame 
Kovalevsky, and many others. Even to-day we make use of this 
same method constantly to treat analogous questions relative to par- . 
tial differential equations with various initial conditions. 


22. Existence of the integrals of a system of differential equations. 
Let us consider first a single equation, 


(1) ue =f 9); 


the right-hand side of which, f(z, y), is an analytic function in the 
neighborhood of a system of values a, y,. We propose to prove that 
this equation has an integral y(«) analytic in the neighborhood of the 
point x, and reducing to y, for x = x). 

2% 45 
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Let us suppose for the sake of brevity that x, =y,=0, which 
amounts simply to writing 2 and y in place of « —az, and y—y,. 
If the given equation has an integral which is analytic in the neigh- 
borhood of the point « = 0, and which vanishes with x, and if we 
can calculate the values of all the successive derivatives of that 
integral for « = 0, we can write the development of that integral in 
a power series. 

The equation (1) gives us first of all (dy/dx),= f(0, 0). On the 
other hand, the equations which we derive from it by repeated dif- 
ferentiations enable us to calculate the value of a derivative of any 
order in terms of x, y and of derivatives of lower order, 

d’y of , ofdy 
de aah aaa 

(2) dey _Of 9 Of dy , Pf (4) of ary 
aa a Ox dy dx by \dx Cy dx? 


Setting in these relat.ons x = y = 0, we calculate step by step the 
initial values (d?y/dx*),, (d?y/dx*),,---, (d"y/dx"),,---+ of the succes- 
sive derivatives of the desired integral in terms of the coefficients 
of the development of f(x, y) in a power series in x and y. Until 
Cauchy’s work appeared, mathematicians had assumed without proof 
that the power series thus obtained, 


See Cae 
@) y= (2) E+ FLY eT ea Gehan 


was convergent for values of a near zero. 

To establish rigorously this essential point, let us observe that the 
operations by which we calculate the coefficients of the series (3) 
reduce precisely to additions and multiplications alone, so that the 
‘ value obtained for (d"y/da"), can be written in the form 

(4) (S2) — Pr (Gq> %y> 99 °° *» Tons ** *y Uno)» 
where P,, is a polynomial with positive integral coefficients, and where 
a, 18 the coefficient of a‘y* in the development of f(z, y). If, then, we 
replace the function f(a, y) by a dominant function ¢(a, Y), and if 
we seek to determine an analytic integral of the auxiliary equation 


ay 
(5) as $(x, Y) 
vanishing with 2, the coefficients of the series obtained for the devel- 
opment of Y will be positive numbers greater than the absolute value 
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of the corresponding coefficients of thé same rank in the series (3). 
If the series obtained for Y is convergent in a certain neighborhood, 
the same must be true a fortiori of the series (3). Now the series 
obtained for ¥ will certainly be convergent if the auxiliary equation 
has an analytic integral vanishing for « = 0. 

Let us suppose that the function f(a, y) is analytic when the varia- 
bles x and y remain in the circles C, C' of radii a and d described in 
the planes of the two variables about the two origins as centers, and 
that it is continuous on the circumferences, and let M be the upper 
limit of | f(a, y)| in this neighborhood. We can take for the domi- 


nant function 
M 


and, multiplying the two sides by (1— Y/b), we may write the 
auxiliary equation (5) in the form 


VON GDS M 


$(z, Y) = 


’ 


We can show directly that this equation has an analytic integral 
which vanishes for x = 0. In fact, separating the variables, we obtain 
the integral of that equation in the form 


iy x 
(7) y — 5; =~ ait Log (1—£). 


The constant which must be added to the right-hand side to 
express the general integral of the equation (6) is here zero if we 
adopt for the determination of the logarithm the one which is zero 
for z= 0. Solving equation (7) for Y, we get 


M a 
(8) yab—ba|1+ 20% Log (1-2). 


If we take for the radical the determination which reduces to 1 
for «= 0, the result (8) represents precisely an integral of the 
equation (6) which is zero for = 0. This function Y is also ana- 
lytic in the neighborhood of the origin, for the function under 
the radical is analytic in the interior of the circle C of radius a, 
and is zero for 


b 
(9) r=p= alt = o Fa) 
When the variable x remains in the interior of the circle C, of 
radius p described about the origin as center, the absolute value 
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of (2aM/b) Log (1 — x/a) remains less than unity,* and the radical 
is an analytic function of « in this circle. The series obtained for 
the development of Y is therefore convergent in the circle of radius p, 
and the same is true a fortiori of the series (3) first obtained. 

It is easily seen from the formula (8) that all the coefficients of 
the development of Y are real and positive, a fact which is evident 
also a priori. If we give to # any value whose absolute value is less 
than p, the absolute value of Y will be less than the value obtained 
by replacing « by p. We have, then, for every point in the circle 
Cp, |Y|< 4, and therefore |y|< 0d. If we replace y in f(x, y) by the 
sum of the series (3), the result of the substitution is therefore an 
analytic function @(#) in the circle of radius p. From the manner 
in which we have obtained the coefficients of the series (3), the two 
functions @(«) and dy/dzx are equal, as well as all their successive 
derivatives for «= 0. Hence they are identical, and the analytic 
function y satisfies all the given conditions. 

In order to calculate the coefficients of the series (3), we can substi- 
tute directly for y in the equation (1) a power series y=C,x+C,2°+--- 
and write the conditions that the two sides are identical. The coeffi- 
cient of a”~1 in dy/dx is nC,,, while the coefficient of x*~1 on the right 
depends evidently only on C,, C,,---, C,_, and the coefficients a;,. 
It is easily seen that the coefficients C, are calculated in this way 
by the use of the operations of addition and multiplication alone. 

The method can be extended without difficulty to a system of any 
number of differential equations of the first order. Let 


dy; 5 
(10) Kis = f(x, Os Ua Yn) (t cs a 2, heey 7) 


LIC 


be a system of differential equations in which the functions f; are 
analytic in the neighborhood of the values a, (y,),,+++; (Yn) These 
equations have a system of integrals analytic in the neighborhood of 
the point x, and taking on the valwes (¥,)o, (Ya)or + * +» (Yn)g PeSpectively 
for x= 2,. 

The proof of this theorem can be made to depend on the fact 
that the system of auxiliary equations 


One ay, ay, M 
1) = 
en da dx dx ( “)( =) ( =) 
12)? ae ee 
a b b 


*In fact, all the coefficients of the development of that function in powers of x 
are real and negative. The absolute value of the preceding expression for |x| <p is 
therefore less than its absolute value when x = P, that is, less than unity. 
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has a system of integrals which are “nalytic in the neighborhood 
of the origin, and which vanish for «=0. The functions f, are sup- 
posed to be analytic as long as we have |x — 2,| =a, |y; —(y,),| S23, 
and M denotes again the maximum absolute value of the functions 
jf, im this neighborhood. These integrals, having their derivatives 
equal and all vanishing for z = 0, must be identical, and it suffices 
to consider the single equation 
dy M 


in which we can again separate the variables. This equation has 
the integral 


orale Cae ya SP Tee 


which is analytic in the circle with the radius 


—b 
-* p= AG :% jntome), 
“and which is zero for x = 0. Hence the system (10) has a system 


of integrals that are analytic in the same circle. 
A single equation of the nth order, 


d"y dy gaa 2y, 
(12) ae = F(a, Pie ai as. ERO 


can be replaced by an equivalent system formed of n equations of 
the first order, 


dy dy 
a a 
eed AY n 2 LY n—1 
di — Y= ts de PEs F(a, Y Yyt ey Yn—1)s 


by introducing as auxiliary dependent functions the successive 
derivatives of y up to the (n —1)th order. We deduce from the 
general theorem, then, the proposition that the equation (12) has an 
analytic integral in the neighborhood of the point x, and such that 
that function and its first n —1 derivatives take on for x =a, the 
VALUES Yo, Yop ++) YG? given im advance, provided that the function 
F is analytic in the neighborhood of the system of values x, Yor Yor 
BO Oar 

From the demonstration it results that there cannot be more than 
one analytic integral of the equation (1) taking on for =a, the. 
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value y,. But nothing enables us to say up to this point that there 
do not exist non-analytic functions satisfying the same conditions.* 
This is a point which will be rigorously established farther on 


(§ 26). 


23. Systems of linear equations. We shall find farther on, by another 
method, a larger value for a lower bound of the radius of convergence 
of the series which represents the integrals (§ 29). If the functions 
f; have special forms, we can sometimes employ more advantageous 
dominant functions, still making use of the method of the calculus 
of limits. 

In particular, this is what happens in the very important case of 
linear equations. Let 


dy; : 
(14) os = Hi Y1 + 2Yo + Sao + BinYn + 9; (i =1, 2, kes n) 
be a system of linear equations in which the functions a;, and d; are 
functions of the single variable x, analytic in the circle C of radius R 
about the point x, as center. These equations have a system of inte- 
grals analytic in the circle C and reducing respectively to (Y,),, (Ys) 


+++ Yao fOr © = tty. 
We may suppose in the proof that 


(Y%)o = (Yo)o ee (Yn)o = 0, 


for if we change y; into (y;), + y;, the system (14) does not change 
in form, and the new coefficients are again analytic in the circle C. 
Let M be the maximum value of the absolute values of all the 


* The following is the reasoning used by Briot and Bouquet to treat this matter. 
Let y; be an analytic integral of the equation (1) taking on the value yg for r= 2p. 
Putting y=y,+ 2, the equation (1) takes the form 


a) Za z¥ (x, 2), 


where ¥ (x, z) is analytic for x=), z=0. Let us suppose that this equation has an 
integral, other than z=0, approaching zero when the variable x describes a curve © 
ending in the point vp. Let %,, 2 be two points of this curve to which correspond the 
two values z, and 2, of z. We obtain from the equation (1’) 


fee fee V (x, z) dx. 


If x1 approaches 29, 2; approaches zero, and the absolute value of the left-hand side of 
this equality becomes infinite, while the absolute value of the right-hand side remains 
finite; there cannot be, then, an integral approaching zero different from z=0. But 
the reasoning supposes that the point x approaches x9 along a curve C of finite length. 
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functicns a,,, 6; in a circle C’ with the enter x, and the radius 7 < R. 
The function 


M 
See re eee ts) 


= 
i. 
is a dominant function for all the functions @;,y, + +--+ any, + 3; 
and we are led to consider the auxiliary system 


dY¥, 4aY, wtiie M 


pee eee eee, Ge 


, 


Since the functions Y,, Y,,---, Y, are required to be zero for 
x= 2,, and since their derivatives are equal, they are identical, and 


the system (15) can be replaced by the single equation 


dY M . 
(16) dg eam VT 
7 


which can be integrated by separating the variables. The integral 
« which is zero for x = a, has the form 


—_ —nMr 
y==|(1-"—*) ~1); 
n r 


and it is analytic in the circle C’. The same thing is therefore true 
of the integrals of the system (14), and, since the number r may 
be taken as near F& as we wish, it follows that these integrals are 
analytic in the circle C. 


24. Total differential equations. Let 2,, z,,---, Z, be a system of n independ- 
ent variables, let zg be an unknown function of these variables, and let f,, /,, 


-» +, f, be n given functions of z,, 2,,-+-, fn, z. A total differential equation is 
a relation of the form 
(17) dz =f da, + fodt, + +++ + fnd&p ; 
it is really equivalent to n distinct equations: 
Oz 0% CZs 
(18) pape aL ’ On Sie 


Let us suppose that there exists a function z of 2, £, +++, ©, satisfying 
these n relations. We can calculate the second derivative 07z/0x,0x% (i # k) in 
two different ways. Writing the results obtained as identical, we obtain thus 
n(n — 1)/2! relations of the form 


OFF 2 OF4 2 OF by OLk A Tics ih, Do oop an 
(19) ee nae (i, 7%) ’ ) 
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and the function z can only be taken from among those functions which satisfy 
these relations. We are going to consider’only the very important case, in 
which these relations are satisfied identically. The equation (17) or the equiva- 
lent system (18) is then said to be completely integrable. 


Given a completely integrable total differential equation in which the functions Jf; 


are analytic in the neighborhood of the system of values (£1)o, (La)9,*-*s (En)os Zos 
this equation has an analytic integral in the neighborhood of the system of values 
(@1)o. ++ *y (n)o, which reduces to Z) when Ly = (Ly)o9+++s Ln = (Ln)o- 


The equations (18) and those which are derived from them by successive 
differentiations enable us to express all the partial derivatives of the unknown 
function z in terms of Z, £1, %,,°++, Zn; hence we can obtain the values of the 
coefficients of the development of the analytic integral, if it exists. But, while 
it is evident that we can calculate such derivatives as 6”z/éz? in only one way, 
it requires a little more care to assure ourselves that we shall always obtain the 
same expression for a derivative of any order, such as 6? + ¢z/éz" éx7, which can 
be calculated in several different ways. This will be the case for the deriva- 
tives of the second order, if the conditions (19) are identically satisfied. In 
order to show that the same property is true in general, it suffices to show that, 
if it is true up to the partial derivatives of order p, it will also be true for the 
partial derivatives of order p +1. We shall base the proof on the following 
fact: Let U(x,, 2, -++,%n, 2) be any function of z,, %2,---, Zn, z, and let us put 


qu_oU ou, au _ 4 es 
dx; a Ox; ee: dx;dt, dry dz; 


From the conditions (19) it follows immediately that we have for any function U 
the relation 


(i, k=1, 2, ---, n) 


au du 
dz;drx da, dzi- 


Let now wu and v be two partial derivatives of the pth order differing only in 
the fact that a differentiation with respect to 2; in one has been replaced by a 
differentiation with respect to x; in the other. The proof depends on showing 
that we have 


ou, du ov av 

Oxy # az te= an; * nm” 
or that du/dx;, = dv/dz;. But u and v have been obtained by taking the partial 
derivatives of a partial derivative w of order p — 1 with respect to the variables 
x; and a, respectively. We have therefore u = dw/dz;, v = dw/dz;, and the 
equality to be established reduces to d?w/dz,dx;, = d?w/dx,dz;, an equality which 
has already been proved. 

To prove the convergence of the series thus obtained, we can therefore replace 
the functions f; by dominant functions ¢;, provided that we choose these func- 
tions ¢; so that the resulting auxiliary total differential equation shall itself be com- 
pletely integrable. For simplicity let us put (%1)9 = (Ge)o = ++ > = (Rn)p = %p = 0; 
we can take for the dominant function of all the functions f; an expression of 
the form 
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and the auxiliary equation 4 


M (day + daz + +++ + dzn) 


(1- Stet te 1-2 
r p 


is completely integrable from the symmetry of the right-hand side relative to 
the n variables x;. In order to obtain an analytic integral that vanishes with 
these variables, we need only seek an integral which is a function of the single 
variable X = 2, + a +--++2,. This leads to an ordinary differential equation 
of the form (6) 


(20) aE = 


(1-<)az = —. 
p es 
= 


Since the integrai of this equation is represented by a development in a con- 
vergent series the coefficient of any term afi... x of which is real and positive, 
the development obtained for z is a fortiori convergent in the same neighborhood. 
The theorem can be extended without difficulty to systems of total differential 
equations in n independent variables 2,, %, +++, Z, and m dependent variables 
B19 Za ° °°) Sm? 
(Ph Phy 0 ony 8 
(21) ve UZ, =f 1nda,+ +--+ finda t+ +++ +Sindan. ats se 
CENT YE OSUy 1) 
~ By calculating in two different ways the derivatives of the form 072,/0a; 0x, 
we are led to the conditions 
Ofin , OFin Ofin Ofin ue 


a 
en ts fiat ea fee ae fa + + 


Sim 


The system (21) is said to be completely ated if these conditions (22) are 
satisfied identically, and we have the following theorem which is demonstrated 
like the preceding : 


Every completely integrable system in which the functions f; are analytic in the 
neighborhood of a system of values (£1)o, (e)os++*y (Ln)ox (21). °° +s (Zm)o has a 
system of integrals analytic in the neighborhood of the point (£,)o, +++, (Ln)9 and tak- 
ing on respectively the values (21), (2g) °* +3 (Zm)q When Ly = (©)o, ° ++, Ln = (Ln)o- 


25. Application of the method of the calculus of limits to partial differ- 
ential equations. The calculus of limits enables us also to prove the 
existence of integrals of a system of partial differential equations. 
Let us consider first an equation of the first order, 


Cz dz Oz =) 
(23) mat gsteg) rey 

in which the right-hand side does not contain the derivative 0z/ém,. 
This equation and those obtained from it by successive differentia- 
tion enable us to express all the partial derivatives of z in terms of 
24, Lp) +**,2_, 2, and of the partial derivatives of z taken with respect 
to the variables x,, 7,,---, 2, alone, This property is evident for the 
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derivatives of the form 0%+*'+#+1z/dx, Gage... Gxz*, as is seen by 
differentiating the two sides of the equation (23) a, times with 
respect to x,, +--+, and then a, times with respect toz,. If we differen- 
tiate the two sides of the equation (23) once with respect to z,, and 
any number of times with respect to the other variables x, 7, +++, Zn, 
and if we then replace in the right-hand side of the result the par- 
tial derivatives which involve just one differentiation with respect 
to the variable «, by the expressions already obtained, we shall obtain 
also the derivatives 0%+*''+%"+2z/dx20x%2..- Gx%" expressed in the 
manner stated above, and it is clear that we can continue to apply 
the same process indefinitely. 

Let us now suppose that the function f is analytic in the neigh- 
borhood of a system of values (@,),,-++; (®p)or %» (Pa)or °° *s (Pado» 
and let $(,, +--+, 2%) be a function of the (x —1) variables 
Lp, L) ***, L, analytic in the neighborhood of the point* (,),, 
(a5)9. ***, (%), and such that we have for these particular values 


= (E)=@.o (E\=@e o> (E)=@. 


0x, 


If these conditions are satisfied, the equation (23) has an integral 
which is regular in the neighborhood of the point (x,),, +++, (pn), and 
which reduces to (aq) Xj) + ++, L_) for LX, =(X,)p- 
By hypothesis, the function $(a,, 7,,--+-,z,) can be developed. in 
a series of positive powers of the variables «; —(@;,),, and the coeffi- 
cients are, except for certain numerical factors, the values of the 
partial derivatives of that function at the point (@,),, (ay), ++ +s (@n)o: 
Since the function z, the existence of which we wish to prove, must 
reduce to $(x,, x, +--+, %,) for x, =(2,),, we know from that fact 
alone the values at the point (@,),, (2), +++, (@a)) of all the partial 
derivatives of the function z which involve no differentiation with 
respect to the variable w,. We have just seen how all the other partial 
derivatives of 2 can be expressed in terms of these. We can there- 
fore calculate, step by step, all the coefficients of the development of z 
according to powers of x; —(a,), in terms of the coefficients of the 
two developments of the function f and of the function ¢, and the 
calculation involves the operations of addition and multiplication 
alone. We can therefore employ again dominant functions to prove 
convergence: if the series obtained by replacing, in the preceding 


*¥or the sake of brevity we shall designate as a point every system of particular 
values, real or imaginary, assigned to the variables appearing in the discussion. 
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calculation, f by a dominant function % and ¢ by another dominant 
function ®, is convergent, the same thing must necessarily be true of 
the series obtained for z. 

We can, first of all, replace the given initial conditions by other 
simpler conditions by means of a succession of easy transformations. 
We may suppose (w.), =(a,), = ---=(a,)) = 0, for that amounts to 
writing x; in place of x; —(a;),. If we also put 


oS $(x,; Xs5 ee) Ln) AF U, 


the new unknown function w must reduce to zero for x, = 0. We 
may suppose also that after these transformations the right-hand 
side of the equation, when developed, does not contain a constant 
term, for if the development commenced with a constant term a 
different from zero, it would suffice to put w= ax, + v in order to 
make it disappear. Having made these transformations, if we now 
replace the right-hand side by a suitable dominant function, the 
demonstration of the theorem reduces to showing that the equation 


OZ M 
ee RE 
(,stattat2(, % «:) 

r p 

where M,7, p are determined positive numbers, has an integral which 
is analytic in the neighborhood of the origin and which reduces to 
zero for x,=0. If we replace #, on the right-hand side by z,/a, 
where @ is a positive number less than unity, we increase the coeffi- 
cients, and the theorem will be established a fortiori if we prove 
the proposition for the new equation 


aZ M 
aa ea 
0x, Lila hve tee oy AUF, eee. 

7 eae = Le Ln 
ip p 


Indeed, it is sufficient to show that this equation has a regular 
inyegral, represerted by a power series whose coefficients are all real 
and positive; for the coefficients of this third development are at 
least equal to those of the series obtained by supposing that Z van- 
ishes when x, = 0, since the coefficients are all obtained by means 
of additions and multiplications of the coefficients of the terms inde- 
pendent of «, In order to establish this last point, let us try to 
satisfy the equation (25) by taking for Z a function of the single 
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variable X = 2,/¢-+-%, + «++ + Hp: We are thus led to the differen- 
tial equation of the first order, - 

i! nad yy) 0% 21 (22) M 
a 


p aX ag Nee GEE ee 
Ue 


eee 


Let us suppose that @ has been chosen so small that the coefficient 
of dZ/dX on the left is positive. For X = Z = 0 the equation (26) 
has two distinct roots, one of which is equal to zero. That equation 
has therefore an analytic integral in the neighborhood of the origin, 
which, together with its first derivative, is zero for X = 0. It is easy 
to show directly that all the coefficients of the development of this 
integral are positive; for the equation (26) may be written in the 
form 


where A is positive and where (X, 7) denotes a series whose coeffi- 
cients are all positive. After a first differentiation we find 

GZ aZ@’Z Ob dGdZ 

ax 7A ax axit ox t oz ax" 
For X = 0, Z and dZ/dX are zero; hence d?Z/dX? is positive. The 
verification for the following derivatives is similar. 

The series obtained for the development of the desired integral z 
is therefore convergent as long as the absolute values of the differ- 
ences x; —(#,), remain less than a positive number 7. The value of 
that series is an analytic function in the neighborhood of the point 
(@,)or (®a)or ***> (ln) and reduces to $(2,, %,,---, x,) for x, =(x,),. 
That function satisfies the given equation; for if we replace in f the 
variables z, 0z/0x,,---, 0z/@x, by the preceding function and by its 
partial derivatives, the result is a function y(@,, x,,---, x,) which 
is regular in the neighborhood of the point (a,),, (@,).) ++; (@a)os 
and, from the manner in which we have obtained the coefficients 
of the series z, the two functions y and éz/éx, are equal, as well as 
all their partial derivatives, at the point (,),, (@),,+++, (@,) They 
are therefore identical. 

The proof is the same for a simultaneous system of equations of 
the first order, 
0z, 


(27) Fee on, I Rn es ie, J 


~ 
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whose right-hand sides contain only the variables Hy Lay +, L,, the 
functions z,, 2,,---, #,, and the partial derivatives of the first order 
except those with respect to x. Supposing the right-hand sides ana- 
lytic in the neighborhood of a system of particular values (2,),, (2p)os 
(p*),, assigned to all the variables which appear in the function f, 
these equations have a system of integrals which are analytic in the 
neighborhood of the point (a,),, +++, (#,), and which reduce for 
©, =(x,), to p gwen functions $,, >, +++; b, of the (n —1) variables 
Ly Vy, +++, Lp, Which are analytic in the neighborhood of the point 
(Xy)qr (Ly )or ** ty (Ln) and are such that the values of $, and of 0,/0x; 
at that point are precisely (2), and (pt), (k=1, 2,---, p; i= 2, 
Bran A): 


26. The general integral of a system of differential equations. The 
preceding theorem enables us to complete the theory of differential 
equations on several important points. Thus, the existence of an 
infinite number of integrating factors for an expression of the form 
P(x, y)dx + Q(x, y)dy is an immediate consequence of it if P and 
Q are analytic functions of the variables x and y (§ 12). 

Let us consider again the equation of the first order y' = f(z, y), 
and let(x,, y,) be a pair of values for which the function f(a, y) 
is regular. The analytic integral the existence of which has been 
established, which takes on the value y, for x =2,, may be con- 
sidered as a function of three independent variables x, x,, y,; it is 
from this point of view that we are going to study it. For definite- 
ness let us suppose that the function f(x, y) is regular in the 
neighborhood of a point («1 = a, y= 8). We can evidently consider 
the given equation as a partial differential equation, 


e 
(28) ae =f@; Y), 


which defines a function y of the three variables x, x,, y,, and we 
propose to determine an integral of that equation which is analytic 
in the neighborhood of the point «=a, «=a, y,=£ and which 
reduces to y, for =a,. This last condition is not in the same 
form as that of the preceding paragraph, but it suffices, in order 
to overcome the difficulty, to take instead of # and of x, two 
new independent variables w=a+a, and v=x—a, Then the 
equation (28) becomes 


Oy , Oy _ ( ) 
(29) ; CN la oY)? 
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and we are led to seek an integral of this new equation which is 
analytic in the neighborhood of the values w= 2a, v=0, y¥,=B 
and which reduces to y, for v= 0. By the general theorem, there 
exists an analytic integral, and only one, which satisfies these 
conditions; we shall denote it by $(z, ~,, y,), supposing that we 
have replaced uw and v by their values in terms of « and y. Let D 
be a region defined by the conditions 
|y, — 8| =p, in which the function $(#,.x,, y,) is regular. The 
function ¢ has the following properties in this region. In the first 
place, from the very way in which we have obtained it, if x, and y, 
are constants, it represents the integral of the differential equation 
y' =f (x, y), which takes on the value y, for =2,. This integral 


=r, |x, -—a|=7, 


is surely analytic whenever |x — @| is less than rv, for any point 
(x) Y,) m the region D. 
The development of ¢(#, x,, y,) 1s of the form 


Y = Yo + (& — Ly) P(®, Loy Yo)s 

where P also denotes a regular function. By the general theory 
of implicit functions, we can solve the above relation, obtaining 
Y) = ¥(@, &,, y), in which the right-hand side is also a power series. 
The function (a, x, y) is identical with p(x, x, y). In fact, let x, 
and a, be two values of x in the region D; then the integral which 
is equal to y, for « = a, takes on at the point a, a certain value y,, 
and we have y, = $(x,, 2, y,)- But it is evident that the relation 
between the two pairs of values (x,, y,), (ty) y,) 18 a reciprocal one; 
hence we have also y, = $(a,, %,, y,)- 

Let x; be any value of x such that we have |x} —a|/<r. Every 
analytic integral of the equation (28), passing through any point 
(yy Y,) of the region D, satisfies a relation of the form 

(30) (a, @ ¥) = C. 

For, let us consider the analytic integral equal to y, for «= 2,. 
That integral takes on a value yj when a has the value af, and we 
have, from the definition of the function ¢, $¢(aj, x, y,)= ys. Let « 
be another value of the variable in the same region and y the corre- 
sponding value of the integral. We have also o(Z, x 7) = H%, and 
therefore the analytic integral considered does satisfy a relation of 
the form (30). By differentiating it with respect to a and replac- 


ing y' by its value f(# y) we find that the function (a, a, y) 
satisfies the relation 


0 
(31) fet pete 9) =0. 
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This relation reduces necessarily to an identity, for it must be true 
forz=2,, y= Y,, and the point (z,, y,) is any point of the region D. 

This enables us to answer a question left undecided in § 22. 
In the plane of the variable # let any curve I approach the point , 
as a limit. We shall say that a function y of the variable # which 
can be continued analytically along the whole length of I approaches 
y, a8 x approaches x, on Tif for every positive number e we can find 
a corresponding positive number y such that |y— y,| remains less 
than e for all the values of x lying on I in the interior of a circle 
with a radius y and with the center 2,. 

The reasoning of Briot and Bouquet does not prove that there do 
not exist other integrals than the analytic integral, approaching y, 
as x approaches x, in the manner which has just been defined. This, 
however, is the fact. For let us consider a definite point («,, y,) 
of the region D, and let us take for the new dependent variable in 
the equation (28) the function Y= ¢(a,, x, y) defined above. Then 


we have ‘. dY a4 , ag dy 
dx 6x oy da’ 


“and, by the relation (31), the given differential equation reduces to 
dY/dx = 0. If, now, y approaches y, when x approaches z,, the same 
thing is true of Y, and the only integral of the new equation dY/dx = 0 
which satisfies this condition is evidently Y= y,. The integral sought 
must therefore satisfy the relation 


$(X,, x, Y= Yo 


(32) Y= Y¥ +(e — @) PR, Y; &), 
and, by the theorem on implicit functions (I, §193, 2d ed.; § 187, 
1st ed.), there is only one root of the equation (32) approaching y, 
as x approaches z,, and that root is an analytic function.* 

It follows that every integral of the equation (28) which passes 
through a point of the region D satisfies a relation of the form (80). 
On that account we say that that equation represents the general 
integral of the differential equation in this region. The number C 
is the constant of integration which remains arbitrary at least be- 
tween certain limits. We have seen that we could also put the 
equation (30) in the equivalent form y= (a, 2, yo), where the 
constant of integration is %. 


*Prcarp, Traité d’ Analyse, Vol. Il, pp. 215-317. PaintEvs&, Legons de Stockholm, 
p. 394, 
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All these properties can be extended to a system of differential 
equations of the form 


di dy. LY n == 
(33) 4 = f(@, Yy> Yor °° %9 Yn)» ye git, eet os 


Let us suppose that the right-hand sides are analytic in the neigh- 
borhood of the system # = a, y, = By +++; Y= 8, We may again 
regard the preceding equations as a system of partial differential 
equations involving the m dependent variables y,, y,,---, Y, and 
the n + 2 independent variables x, 2, (Y,)o, (Yo)or°**» (Yn)or and we 
may seek the integrals of this system which are regular in the 
neighborhood of the values « = a, x, =a, (Y,), = By +--+» (Ynlo = Bn 
and which reduce to (¥,),, (Ya)o. °**s (Yn)o Tespectively for = z,. 

Let 

Y= $,[ 2; Xo) Ue 8c, Gals Ly Se $,, Os 
Gs { s 
Yn = PnLZ, Lo) (Yy)o» es (Yn)oJ 


be the » functions thus defined, which we suppose to be analytic 
in the region D defined by the conditions |x—a@ 
\(¥i)) —8i|=p- From the equations (34) we derive, conversely, 


=r, |x,—a|\S7, 


(35) CA), a P(X; ZyYyy 0% Yn)s ae ais) (Yn)o = $n(2p3 LYyp°° Yn) 


and each of these functions 4; satisfies, for any value of a, the 
relation 


(36) ee 


oe py == 


Od: 
CYn 


f=. 


We prove this just as before by observing that the analytic 
integrals which take the values (y,),,---, (Y¥), for «=x, satisfy 
the relations (35), and therefore the relations (36), which we deduce 
from them by differentiating with respect to the independent 
variable x and by replacing the derivative dy;/dx by f;. These 
relations (36) must reduce to identities; for if w, is supposed fixed, 
we can show as above that we can choose (y,),, +++; (Y¥)) in such a 
way that the integral curve * passes through any given point of the 
region D. The left-hand side of the equation (36) must therefore 
be zero for the coérdinates of any point whatever of this region. 

If in the equations (33) we take for new dependent variables 
the m functions Y;= 4;(@,, 2 +++, Y,), Where x, is constant, these 


* As a generalization we shall say that every system of integrals of the equations 
(33) defines an integral curve. 


¢ 
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equations become, by the conditions (86), 


e aVy ay, ay, 
(37) ae ae meee) ‘ia 
It follows that all the integrals of the system (33) satisfy relations 
of the form (35), where (y,),,-+-+, (Yn), are constants — at least all 
of those integrals which have a point in the interior of the region 
D where the functions ¢ are regular. We shall say, then, that the 
equations (35) represent the general integral of the system (33) in 
this region. 

From these equations it follows also that there are no other 
systems of integrals than the analytic integrals which approach 
(Yio. **-» Yn) When # approaches z,. We have, in fact, 


0. 


$; = Fie (x =F %,) P;(%,5 By Yo y Yn)» 


and the Jacobian D(¢,, $,,-++, bn)/D(Yy Yor ***> Yn) Yeduces to 
unity for =~,. According to the general theory of implicit func- 
tions, the equations (35) have only a single system of solutions for 
Yp Yor***> Yay Which approach (y,),,++-; (Yn)y When x approaches «,, 
“and these solutions are analytic. 
To sum up, through every point of the region D there passes an 
integral curve, and only one, represented by n equations y; = y,(x), 
where the functions y, are analytic so long as |x — a|=r. 


Il. THE METHOD OF SUCCESSIVE APPROXIMATIONS. THE 
CAUCHY-LIPSCHITZ METHOD 


27. Successive approximations. The method of successive approximations has 
been applied with success by E. Picard to ordinary differential equations and 
to a great number of cases of partial differential equations. We shall apply it 
to the treatment of differential equations with an important addition due to 
Ernst Lindelof. 

Let y(«) be an integral of the differential equation dy/dx = f(a, y) taking 
on the value y, for =). The function y(z) satisfies the relation 


(38) yo)=uot f Sty Ola, 


and conversely. The equation (88) is an integral equation which is equivalent 
to the two conditions y’ (x) = f[a, y (2)], y (%) = Yo and which lends itself readily 
to the method of successive approximations. We shall develop the method on 
a system of two equations of the first order 

d 


(39) Vetaya, F=on2) 
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supposing first that the variables are real. We shall assume that the two func- 
tions f and ¢ are continuous when varies from z, to z, + @ and when y and z 
vary respectively between the limits (y,— b, yy + 0) and (z,—¢, 2, + ¢); that 
the absolute value of each of these functions f and ¢ remains less than a posi- 
tive number M when the variables z, y, z remain within the preceding limits; 
and, finally, that there exist two positive numbers A and B such that we have 


f(t, ¥, D—-F (4, 9, “|< Aly—y|+Blz-2 |, 


me) io(z, v, 2)— oe, ¥, V|< Aly—y [+ Blz—z| 


for any positions of the points (a, y, z) and (a, y’, 2’) in the preceding region. 

Let us suppose, for ease in the reasoning, a>0, and let h be the smallest of 
the three positive numbers a, b/M, c/M. We shall prove that the equations (39) 
have a system of integrals which are continuous in the interval (x4, Z + h) and 
which take on the values y, and z, for “=. For this purpose we shall write the 
equations (39) in the form of integral equations : 


(1) y@=nt+f hyO,2O]d, 2@)=y+f elt vO, 2) dt 


and we shall solve these equations by successive approximations in the same way 
as for a system of simultaneous equations (I, § 34, 2d ed.; § 25 ftn., Ist ed.), 
taking for the first approximation values the initial values y, and z, themselves. 
We are thus led to write 


Y, (2) =Yo a { S(t, Yos 2p) dt, 
Ja, 


24 (2) =%+ {v9 (t, Yos Zp) at, 
(42) < 
volt) =Yo+ f Flr mld, (lat, 


2e(0) =a + f lt vO, eC] at 


and, in general, 


tn (2) =U + f Flt yn, en—aO) at, 
(43) Ay 
zm (tt) = 2 oof. $[t, Yn—a(t), 2n—r(t) Jat. 


Let us prove first that this process of approximation can be continued indefi, 
nitely if x is contained in the interval (x), 2) + 2). We have, in the first place, 
if « is within that interval, 

Vy ae Yo| <4 Mh< b, 


and, similarly, |Z, — 2)|<c. If we replace y and z by y, and z, in the functions 
fand ¢, the functions of « thus obtained are therefore continuous between Ly 
and x) +h, and their absolute values remain less than M. For the same reason 
as before, y, and z, are continuous functions of 2 in the interval (9, Zp + A), 
and we have in this interval |y, — y9|<b, |z, — z)|<c. The reasoning can be 
continued indefinitely ; all the functions y, and z, are continuous between X) and 
% +h, and we always have in this interval | y, — Yo|<d, |Zn — %|<ce. 
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In order to prove that yp and z, approach limits when n becomes infinite, let 
us notice that we derive first, from the first of the relations (42), 
(44) lv (%) — Yo|< M(e— 2), [2 («) — |< M(w@— a), 
where & is any value whatever except &, in the interval (x), % +h). Wehave next 
z 
volt) — (0) =f {71t 4s (01 — Sb Yos 20) Fat 
*9 
and, by taking account of the first of the inequalities (40), 
x x 
lv) —n@)i< fo Ala —yolae+ [Biz zo|dt; 
Ly x 
and therefore, by the inequalities (44), 
(t — &»)? 
ex ee) <4 fb) Me 


We have an analogous result for |z, (x) — z,(x)|, and, continuing in this way, 
we see that we have in general 


| Yn(%) — Yn—1(%) |< M(A+ Hy ees iN 
(45) n! q 
ee |én(2) — 2n—1(@)|< M(A + Bp E20, 


The two series 


(46) 


Yo + Yy — Yo) + Yo — ¥1) + +++ + Yn — Yn-1) + +; 
Zy + (2 — 2) +g — %) +++ + Sn — Mn-1) $e 


whose terms are all continuous functions of « in the interval (x), 2) + h), are 
therefore uniformly convergent in that interval. The values of these two series, 
Y (x) and Z(z), are consequently continuous functions of z between x, and x, + h. 
As the number n becomes infinite, the relations (43) become, at the limit, 


Y(z) = vot f St Y(t), Z(t)]dt, Z(z) =a+f¢ [t, Y(t), Z(t)] dt. 


For we have just seen that the differences Y (x) — yn—1(z), Z(&) — zn-1(2) 
approach zero uniformly in the interval (x), 7) + h), and therefore, by virtue of 
the relations (40), the integrals 


Hi “(ft YO, ZO1—F Lt, Yast), @n—1(0)}} at, 


x 

' J (ol, YO, ZO] Lt, tn—1, @n—110)]} at 

% 

approach zero when n becomes infinite. The functions Y (x) and Z («) therefore 
satisfy all the given conditions. 

The preceding method is evidently applicable, whatever may be the number 
of. the equations in the system. The inequalities (40), which play an essential 
part in the demonstration, are certainly satisfied for suitable values of A and B 
whenever the functions f and ¢ have continuous partial derivatives with respect 
to y and zg within the limits indicated for the variables ; this is an easy conse- 


quence of the law of the mean (I, § 20, 2d ed.; § 11, 1st ed.). Let us also notice 
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that if the functions f and ¢ remain continuous when z varies between zy — a 
and #, + a, and the variables y and z between the same limits as above, the same 
reasoning proves the existence of a system of integrals, Y(z) and Z(z), which 
take on the values y, and z, for c =, and are continuous in the interval (2, — 4, 
ty + h), where h has the same meaning as before. 

There are no other systems of integrals than Y (2) and Z (x) taking on the values 
Yo and z, for “=x. The reasoning being always the same, let us take for sim- 
plicity a single equation dy/dx = f(z, y), and let us put, as before, 


az . Lz 
V=Ut ff udt, 4 wr=Yot f Slt mmr) Ut. 
Ly % 

Let Y,(«) be an integral of that equation which takes on the value y, forz=z, 
and which is continuous in the interval (x), 2, + a’), where a is less than the 
smaller of the numbers a and b/M and such that we have | Y,(z) — y)| <6 in this 
interval. Since Y, satisfies the given equation, we can write 


¥,@)- =f fit, Y,(t)] at, 
and, consequently, s 


x 
¥,(0) — yale) = f {Fl YO] SU, vn—a( J} at. 
% 
Let us put successively in that relation n = 1, 2, 3,---; we have first 


| ¥, (2) — y,(&) |< Ab(x@ — 2p), 
then 


ae, 2 
[X,@)— mle) <4 [Ade —a,)dt = Av E— So, 
a 2! 
and, in general, : 
_— n 
[Yy(@) — wa(a)| <A SO, 


The right-hand side of that inequality approaches zero when n becomes 
infinite ; the integral Y, is therefore identical with the limit of yp, that is, 
with Y*, 


28. The case of linear equations. The general reasoning proves that the integrals 
are certainly continuous in the interval (x), 2, + ) defined above; but in quite 
a number of cases we can state the existence of a more extended interval 
in which the integrals are continuous. If, in fact, we go over the proof again, 
we see that the conditions h <b/M, h<c/M are needed only to make sure that 
the intermediate functions y,, 21, Yo, %,,+++ do not get out of the intervals 
(Yo — 0, Yo + ¥), (Zo — ¢, Zp + ¢), SO that the functions f(z, y:, 2), $(2,. Yi, 2) 
shall be continuous functions of « between % and z,+h. If the functions 
T(x, y, 2), @(x, y, 2) remain continuous when z varies from Ly to + a, and 
when y and z vary from — o to + o, it is unnecessary to make these require- 
ments. All the functions y; and z; are continuous in the interval (fo, Zp + @). 


*Regarding questions concerning the approximate integration of differential 
equations, the reader is referred to the articles of E. Cotton (Acta mathematica, 
Vol. XXXI; Bulletin de la Société mathématique de France, Vols. XXXVI, XXXVII, 
and XXXVIII; Annales del’ Université de Grenoble, Vol. XXI). 


—_—" 
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Again, in order to prove the convergence Ot the two series (46) it is sufficient 
that there exist two positive numbers A and B such that the two inequalities (40) 
are satisfied for any values of y, y’, z, z’ if x remains in the interval (Lo, Ly + a). 
We recognize, in fact, on going over the calculations made above, that the in- 
equalities (45) still hold, provided that we indicate by M an upper bound of 
|F(Z, Yo Zo)| ana of | P(X, Yo, Zp)| in the interval (xp, x + a). 

These conditions are satisfied, according to the law of the mean, if the 
functions f(z, y, 2), ¢(x, y, 2) have partial derivatives with respect to the 
variables y and z which remain finite for all values of y and z when z varies 
from @, to Zz) + a. Such, for.example, is the case for the equation 

dy =ax+siny; 

dz 
the right-hand side is a continuous function, whatever z and y may be, and 
the partial derivative @f/éy is at most equal to unity in absolute value. 
All the integrals of that equation are therefore continuous functions when « 
varies from — o to + o.* 
* The preceding conclusions apply in particular to systems of linear equations 


dy: 
dz 
where the coefficients a,, >; are functions of x. If all these functions are 
continuous in an interval (zp, z,), all the integrals of this system are likewise 

continuous in this interval ; if the coefficients are polynomials, all the integrals 
are then continuous when g varies from — o to + 0. 

Limiting ourselves to real variables, we see that the integrals of linear equa- 
tions can have no other singular points than those of the coefficients. This very 
important property cannot be extended to many other equations, even though 
they are apparently just as simple — for example, to the equation y = y?. 


(47) = Qi1Y, + G2¥e+ s++ + GinYn + Yi, Gal, 2,ees, n) 


Note. We often have occasion to study systems of linear equations whose 
coefficients are analytic functions of certain parameters. Let us suppose, for 
definiteness, that the coefficients a and b; of the equations (47) are continuous 
functions of x in an interval (a, b), and that they depend also upon a parameter A 
of which they are analytic functions in a region D. 

The integrals of this system which take on given initial values for a value x, 
of « included between a and b are represented in the whole interval (a, b) by 
uniformly convergent series, and from the very manner in which we obtain 
them it is clear that all the terms of this series are analytic functions of the 


* We can deduce an analogous theorem from the calculus of limits. Let f(a, y) be 
a function which is real for every system of real values of x and y and analytic in 
their neighborhood. Suppose, besides, that |/(«, y)| remains less than a fixed num- 
ber M when we have respectively |R(x/i)| =a and |R(y/i)|=b. If x, yo are a pair 
of any real values of « and y, the function f (x, y) is analytic in the region defined by 
the inequalities |x-—«)|=a, |y—yo|=b, and its absolute value is less than M. 
Then, by the calculus of limits, the integral of the equation y’=/(x, y), which is 
equal to 79 for =o, is surely analytic in a circle C whose radius r is independent 
of x9, Yo. We can follow the analytic extension of that integral along the real axis 
by means of circles of radius 7, and we see that it is analytic in the interior of the 
strip bounded by two parallels to the real axis at a distance r from it. 
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parameter \ in D. These integrals are therefore themselves analytic functions of 
in the region D (Part I, § 39). " 

Most frequently the coefficients aj, and 6; are integral functions of the 
parameter \; the integrals are therefore themselves integral functions of 2. 
We can obtain directly the developments, according to powers of X, of the 
integrals which take on given initial values, by first substituting in the two 
sides of the equations (47) developments of the form 

Ys = Uin + UA + +--+ + UiprP + --s, (i=1, 2,---, n) 
where the variables u,z are functions of z, and by then equating coefficients. 
The functions ujo must take on the given initial values for =z,, while the 
other functions uz, where k2=1, must be zero for z = Zp. 

Proceeding in this way, we find, step by step, systems of linear differential 
equations for determining these coefficients. We shall return to this subject 
later. 


29, Extension to analytic functions. The method can be extended to complex 
variables. To do so it suffices to observe that we have for analytic functions 
of one or several variables inequalities analogous to the inequalities (40). First, 
let f(x) be an analytic function of a complex variable z, in a region bounded 
by a convex curve C and also on the boundary, and let A be the maximum 
value of |/(x)| in this region. The difference f(z.) — f(z,), where z, and z, are 
any two points of that region, is equal to the definite integral if, f(z) dx taken 
along the straight line joining these two points. We have, therefore, 

|F (&_) —F (21) |<A|ze— 2,|. 

Similarly, let f(z, y) be an analytic function of the two variables z and y 
when these variables remain respectively in two regions 2 and Q bounded by 
two closed convex curves C and C’, and let A and B be the maximum yalues 


of |f;,| and of |f;| in this region. If 2, and a, are any two values of z in Q, and 
y, and y, any two values of y in ’, we can write 


I (©; Yo) —f(%, wy) = [f(£o; Ye) —f(x,, Yo)] a [F(@,; Yo) —f (a, Y,)); 
and, consequently, from what we have just shown, we have 
|\F (@q, Yo) —F (®1, Y1)|< Ala, — ¢,|+ Blyz— Y; |. 


The proof is the same whatever the number of the independent variables. 
Having seen this, let us limit ourselves, for simplicity, to the case of a single 
equation, 


(48) — =f(@, ), 

the right-hand side of which we shall suppose to be analytic in the region defined 
by the inequalities |e — ax)|=a,|y—y)|=b. Let M be the maximum value 
of |f(x, y)| in this region, and h the smaller of the two numbers a and b/M. 


In the plane of the variable x let us describe a circle C, of radius A about the 
point x) as center, and let us put, as above, 


x x 
H=Vtf Seu, wawt [Fe nOld, 5 
0 * 


Un = Uy + ae “Ft, vn—1 (t)] at, 
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raeReae F er s 
where the upper limit x is a point within O,. We prove first, step by step, that 
we have 


1% — Yol <4, |Yo—- Yo| <8, Sus ena [Yn — Yo| <d, 


All the functions y,, y,, +++, Ym,+++ are therefore analytic functions of « in the 
circle C,, and the process can be continued indefinitely. Moreover, we have 


(49) tm) — mae) = f “Cf [t, yn—1] — St, yn—2 (0) ]} at, 


where the integral is taken along the straight line joining the two points bits he 
Let A be the maximum value of |@//éy| in the region |x — ¢)|=Sh, |y — yy) | Sb; 
then, according to the observations made just above, we have always 


|F[t, Ya—1 (&)] —S Lt, Yn—2 ()]|< A] Yn—1 (4) — Yn—2 (6) |. 


In order to prove that we have an inequality analogous to the inequalities (45), 
let us suppose that we have 


yn a= yacal aan 2 ol 


(n—1)! 

which is evidently the case forn = 2. Let x = x, + re; the change of variable 
t — 2) = pe® reduces the integral (49) to an integral taken along the real axis 
from 0 to r, and we have (Part I, § 44) 


ir n—1 yn 
[yn (2) — vale) < f Mant Fe = Mant 
s ! 


or 
—_— n 
[Ya (2) — ta 1 (2)| < Man—1 2 Al” 

The proof can be completed as before. The series whose general term is 
Yn—Yn—1 is uniformly convergent in the circle C;, and, since all the terms 
are analytic functions, the sum of that series is an analytic function in the 
same circle (Part I, §39), which satisfies the equation (48) and which takes 
on the value y, for «=z,. The development in power series of this integral 
is necessarily identical with that furnished by the calculus of limits, but the 
limit obtained for the radius of convergence is greater than that given by the 
first method. 

The remark relative to linear equations applies also to analytic functions. 
Let us suppose that the coefficients a; and 6; of the equations (47) are analytic 
functions of the complex variable z. Let us mark in the plane the singular 
points of these functions, and let us suppose that from each of these singular 
points a ray is drawn following the prolongation of the segments from z, to the 
singular point. The set of points of the plane which are not situated upon any 
of the preceding lines is called the star corresponding to the system of singular 
points. The straight line which joins the point ~, to a point a of the star does 
not pass through any of the singular points, and the method of § 28 proves 
that all the integrals of the system (47) are analytic functions along that straight 
line. The point 2 being any point of the star, it follows that all the integrals of 
the linear system (47) are analytic functions in the whole star —a result which 
will be established later in another manner (§ 37). 

The method of successive approximations enables us also to obtain for the 
integrals developments in series converging in the whole star. Let A be a region 
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of the plane bounded by a closed curve C lying entirely in the star; the series 
furnished by the method of successive approximations are uniformly convergent 
in A. The remaining details of the proof are left to the reader, since they do 
not differ essentially from the details of the proof given before. 


30. The Cauchy-Lipschitz method. The first proof given by Cauchy of the 
existence of integrals of a system of differential equations has been preserved 
in the lectures by Moigno published in 1844. It was considerably simplified by 
Lipschitz, who made clear just what hypotheses were necessary for the validity 
of the proof. ; . 

In order to gain a clear grasp of the whole process, let us take the simple 


equation dy 
—=f(z). 
i f(£) 


We have shown (I, § 78, 2d ed.; § 76, 1st ed.) that the integral of this equa- 
tion which takes on the value y, for 2 = @, is the limit of the sum 


(50) Yo +F(®) (®1 — Lp) + F(2y) L_ — 2) + +++ + F(En-1) (© — Zn-1), 


where @,, £2), +++, 2,—1 are n— 1 points of the interval (x), z), as the number n 
becomes infinite in such a way that all the intervals (z;— z;_1) approach zero. 
It is this process, suitably generalized, which leads to Cauchy’s first method. 
In order to simplify the exposition, we shall take the case of a single equation, 


(51) at = F(@, 9). 


We snaili suppose that the function f(z, y) of the real variables z, y is continuous 
when @ varies from gz, to 2) + a and when y varies from y, — b to y, + }, and 
that there exists a positive number XK such that 


(52) IF(@, VY) -F(@, y)|\<K|y’—y|, 
where y and 7’ are any two numbers included between y)— 6 and y, + 6, and 
where @ lies between x) and a, + a. 

This condition, the importance of which was brought out by Lipschitz, will 
be called, for brevity, the Lipschitz condition. It has already been used in the 
method of successive approximations (§ 27; and I, § 34, 2d ed. ; § 25 ftn., Ist ed.). 

Let M be the upper limit of | f(z, y)| in the preceding region, and h the smaller 
of the two numbers a and b/M (we suppose a>0, b>0). In order to prove that 
the equation (51) has an integral which takes on the value Y, for =, and 
which is continuous in the interval (x), %) + 2), we shall imitate so far as pos- 
sible the procedure followed in establishing the existence of a primitive function 
for f(x). Let x be a value of the variable belonging to the interval. Let us take 
between a and « a certain number of intermediate values, z,, 2, +++, €i—1, Ziy 
+++, 2,—1, proceeding in increasing order from a, tox. We shall put successively 


(53) OURS +f (Xo, Yo) (ey 2 Lo), Yg=Y, + F (2, V3) (, = X41), aay 
and, in general, 

(54) Yi = Yi-1 +f (@i-1, Yi-1) (Wi — B-1). (= 1, 2,---,n—1) 

The sum 


Ywn=Y + F(®o, Yo) (e — Lo) + F(X, ¥;) ( —%)+--- 
() { Tete ee ans) le ‘ 
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presents an evident analogy with the sum (50), to which it reduces when the 
function f(z, y) does not depend upon y. We are thus led to investigate whether 
or not that sum approaches a limit when the number n becomes infinite. We 
shall generalize the question by defining first two sums analogous to the quan- 
tities S and s (I, § 72, 2d ed.; § 71, 1st ed.). 

Let us consider the triangle ABC formed by the straight lines defined by 
the equations 


XaHt-h Yayt+M(X—-2,), Yay—M(X—2,). 


From the way in which we have defined h, the function f(x, y) is continuous 
wken the point (x, y) remains in the interior or on the sides of this triangle, 
and its absolute value is at most equal to M. 

The parallels to the y-axis, X=2z,, X=2,,---, X= «a, divide the triangle 
ABC into a certain number of isosceles trapezoids of which the first reduces 


to a triangle. Let M, and m, denote respectively the maximum and mini- 
mum values of f(x, y) in the triangle Ab,c,; then we have —-M=m,<M,=M. 
Through the point A let us draw the straight lines with slopes equal to M, and m,, 
meeting the straight line X = x, in two points, P, and p,, whose ordinates are 
respectively Y, = yy + M,(z, — 2p) and y, =¥y) + m,(e,—). The letter y, no 
longer denotes the same thing as in the expressions (53) to (55). These points, 
P, and p,, are evidently in the interior of the triangle ABC or on its aides, and 
we have Y,>y,. Through the point P, let us draw the straight line with the 
slope M up to its intersection with the straight line b,c, in Q,, and through p, 
let us draw, similarly, the straight line with slope — M up to its intersection g, 
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with the same straight line b,c,. Let M, and m, be the maximum and minimum 
values of f(z, y) in the trapezoid P, Q.92p,5"the straight line with the slope M, 
drawn through P, meets the straight line b,c, in a point P, whose ordinate is 


Y¥, = Y,+ M, (2, — %), 


and the straight line with the slope m, drawn through p, meets b,c, in a point 
p, With the ordinate y, = y, + M2(€,—%,). We have evidently Y,>y, and 
Y, — Ye =Y,—, the equality holding only if the function f(z, y) is constant 
in the trapezoid P,Q,q.p,. This process can be continued. Having obtained two 
points, P;_1 and p;_1, on the straight line c;_1b;1, let us draw through P; _1 a 
parallel to AB, and through p;_1 a parallel to AC. We thus form an isosceles 
trapezoid P;_1Q:qipi_1. Let M; be the maximum value of f(z, y) in this trape- 
zoid, and m; the minimum value; the straight line with the slope M; drawn 
through P;_1 meets the straight line ¢;b; in a point P;, and the straight line 
with the slope m; drawn through p;_.1 meets c;b; in a point p;. We thus form 
two broken lines starting from the point A, namely, AP,P,--- P;-1P;--+ Pa: 
or L, and Ap, py+-+ Pi-1 Pi-++ Pn, or 1, ending in the two points P, and p, of 
the straight line X =z. From the manner in which these two lines were con- 
structed it is evident that they both lie in the triangle A BC, that the line L is 
never below 1, and that the distance between these two lines, measured on a 
parallel to the axis Oy, cannot diminish when the abscissa increases from z, to z. 
The ordinates Y, and y, of the two extreme points are entirely analogous to the 
sums S and s (I, § 72, 2d ed.; § 71, Ist ed.). We shall put S= Y,, s = yp. 

To each method of subdivision of the interval (z), x) corresponds a sum S 
and a sum s. If we subdivide each of the partial intervals (z;_.4, £;) into still 
smaller intervals in an arbitrary manner, the preceding geometric construction 
shows immediately that the line L’ corresponding to this new division is never 
above L, and the line /’ is never below 1. We have, therefore, S’ =S, x =s, 
where the accented letters denote the sums relative to the second division. We 
conclude from this (as in § 72, 2d ed.; § 71, Ist ed.) that if S, s, S,, s, represent 
respectively the sums relative to any two methods of division watever of the 
interval (#), x), we have s=8,, s, =S. Indicating by I the lower limit of the 
sums S, and by J’ the upper limit of the sums s, we have, therefore, ’ =I. 

In order that the sums S and s shall have a common limit when the maximum 
length of the partial intervals approaches zero, it is necessary and sufficient that 
S —s approach zero. In fact, we may write 


yee eo ores 2 SN CE) ees 


and the difference S — s cannot be less than a number e unless each of the num- 
bers S — I, I—I’, I’ — s (no one of which can be negative) is itself less than e. 
Since e is an arbitrary positive number, this cannot happen unless we have 
I’ =T, and it is, moreover, necessary that S and s shall have the same limit I. 
In order to prove that S — s has zero for its limit, it is not sufficient to suppose 
that the function f(, y) is continuous, and it is here that the Lipschitz condition 
plays a part. 

Let Y; and y; be the ordinates of the points P; and p;, and 6; the differ- 
ence Y;—y;. Since the function f(x, y) is continuous in the triangle ABC, 
corresponding to every positive number we can find another positive number 


¢ such that i 
IF (ev) —F(@, 9) | <r, 
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provided that the distance between the two#points (2, y) and (2’, y’) of the tri- 
angle ABC is less than c. We shall suppose that all the differences z;— 2; _1 
are less than ¢. From the construction by which the points P;, p; are obtained 
from the points P;_1, p:_1, we have 


0; = 6;-1 + (Mi — m,) (2; — 2-1). 
On the other hand, we can write 
M; — mi =f (@;, Yi) — FRY, V2) 
=F (@, Vi) —F (RY, Ve) + LF EY, YD) —F OY, WY), 
where (x, y{) and (x, y;’) are the codrdinates of two points of the trapezoid 
Pi-1QiGipi-1. We have, therefore, by the condition (52), 


M:—m <4 Klyf—y;). 
But the difference |y;’ — y;| is at most equal to 6,1 + 2 M(a;— 2;_), and we 
have 
M;— mj <+ 2 MK (a; — 1) + K5;-1. 
If we take all the intervals so small that each of the products 2 MK(a;— Dey) 
is less than \, the difference M;— m; will be less than 2\ + 8;_ 1, and conse- 
quently we shall have the inequality 


(56) ee OK Ont {1 + TR — Cp) + 2rA(ai— Li—1), 


Which can be written in the form 
2 2nr 
ees (:-1 + 4) [1+ K (2; — x-1)]. 
We have, therefore, a fortiori, 
2 2X 
6;+ K < eK@—%_-1) (:-1 + =): 


Putting i=1, 2,---, n successively in this last inequality and multiplying the 
two sides of the inequalities obtained, we find 


2r _2r 
on + Kk < oe 


or 
2X 
S—-s= On a 574 [eX@— x) = io 


Since it is possible to take the positive number ) as small as we wish, provided 
that all the partial intervals are themselves less than another suitably chosen 
positive number, we see that the sums S and s have the same limit. That umit is 
a function of a, say F(x), defined in the interval (x), 2) + h). We shall now show 
that this function F(z) is an integral of the given equation (51), and that it 
reduces to y, for £ = ,. In showing this we shall continue to make use of the 
geometric representation. 

If all the partial intervals approach zero, not only the extremities of the two 
broken lines Z and 1 approach a limit point, but the lines themselves approach 
a limiting curve. Any straight line parallel to BC meets the line L in a point P, 
and the line / in a point p, and the distance Pp is less than S—s. From the 
properties of these broken lines, all the points P have their ordinates greater 
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than the ordinates of the corresponding points p; and since the distance Pp 
approaches zero, it follows that the points P and p approach a single limit point 3 
lying on the line considered. The locus of these points, 7, is evidently a curve C 
lying between the two broken lines ZL and / and passing through the point A. 
The ordinate of a point of that curve with the abscissa # is equal to the func- 
tion F(x) just defined, for in order to obtain the position of the point a on the 
line XY = a, we make use of only the portions of the broken lines which are on 
the left of that line. Let us suppose the two broken lines L and / produced up 
to the side BC, all the partial intervals being less than the smaller of the two 
numbers ¢, \/(2 MK), and let P(x) and Q(z) be two continuous functions which 
represent the ordinates of a point of the line L and of the line / in the interval 
(€o; fy +h). The difference P(x) — Q(z) is less than 2) (e4 — 1)/K, and each 
of the functions P (x), Q(x) differs from F(x) by a still smaller quantity. Since 
can be made as small as we wish, we see that we can construct a uniformly 
convergent series of continuous functions in the interval (z,, 2) + 4) which has 
F(z) for its sum; this function is therefore itself continuous (see Vol. I, § 31, 
2d ed.; § 173, 1st ed.). 

Every broken line included between Z and / has evidently the same curve C 
for its limit. Such would be the broken line A, whose successive vertices have 
the codrdinates obtained by the recurrent formula 

Pi Saad yy (lt 1y a3) Clg — he = 3) 5 
the first vertex being the point (z,, y)). Thus we find again the expressions (54) 
which served as our starting point. Let us notice also that if we apply the 
construction starting with a point M’(z’, y’) on the curve C, we obtain two 
broken lines L’ and U’ lying between Z and l, which also approach more and 
more the portion of C included between M’ and the straight line BC. Let now 
M’ (w’, y’) and M” (x”, y”) be two neighboring points of C(x’ > 2’). The slope 
of the straight line M’M” lies between the maximum and minimum values of 
Ff (&, y) when the point (x, y) moves over the triangle formed by the straight lines 


X=ae", Y-y=M(X=2), Y-y=—-M(xX-72); 


if the difference 2” — x’ is less than a suitably chosen positive number, these 
two values of f(x, y) will differ from f(x’, y’) and from f(x”, 7’) by as little as 
we wish. If one of the two points, M” for example, approaches the first one as 
a limit, the slope of M’M” will therefore have for its limit f(x’, y’). The func- 
tion F(x) consequently satisfies the given differential equation (51). It is, more- 
over, evident that the curve C passes through the point A, that is, that we have 
F (xo) = Yo- 

The curve C is the only solution of the problem. If there existed a second 
solution C’, this curve OC’ could not be at the same time below all the lines Z 
and above all the lines J, since these lines approach the curve C. We can there- 
fore find a line —for example, ZL — which will be cut by this curve C’. Since C’ 
is below the line LZ in the neighborhood of the point A, let us suppose that it 
passes above L, crossing that line in a point n; of the side P,_;P;, and let m;_1 
be the point of C’ with the abscissa a;_;. The slope of the chord m;_17 is equal, 
by the law of the mean, to the value of the function f(z, y) at a point of the arc 
mi—17%; hence this slope cannot be greater than the slope of the side Prot Ps 
since the arc m,—17; is in the trapezoid P;_1Q:q:pi-1. But the figure shows 
that the slope of the chord must be the greater. 
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Cauchy’s first method and that of the Successive approximations give, as 
we see, the same limit for the interval in which the integral surely exists. But 
from a theoretical point of view Cauchy’s method is unquestionably superior : 
we shall show, in fact, that this method enables us to find the integral in every 
finite interval in which the integral is continuous. More precisely, let us sup- 
pose that the equation (51) has an integral y = F(x) continuous in the interval 
(Xo, p + 1), that the function f(x, y) is itself continuous in the region (Z) of the 
zy-plane bounded by the two straight lines z= x, «= @) + 1 and by the two 
curves Y = F(x) + n, where 7 is a positive number taken at pleasure, and that 
J (x, y) satisfies the condition (52) in this region. Let us suppose that we divide 
the interval (x, 2) + 1) into smaller partial intervals and that we construct 
the broken line A by the method which has just been explained, relative to 
this manner of division and starting from the point (to, Yo). If all the partial 
intervals are less than a suitable positive number a, this broken line will lie entirely 
in the region (£), and the difference of the ordinates of two points having the same 
abscissa, taken on the integral curve C and onthe line A, will be less than any positive 
~umber e given in advance. 

Let Xo, ©, Lj,+++, Li-1, Vi-++, Ln—1, Ly + | be the abscissas of the points of 
division, let y), y,,---, Y be the corresponding ordinates of the curve C, and let 
Yor 213 ay ***s Zip ++ *y Zn be the ordinates of the vertices of the line A. Let us 
first suppose_that all the vertices to the left of the vertex (z;, z;) are in the 
region (#), and let us consider the problem of calculating an upper bound 

«tor the difference d; =|z;— y]. 
We have, on the one hand, from the very definition of A, 


ai = Zi-1 + f(@i-1, 21-1) (Li — Li-1). 
On the other hand, from the law of the mean, we have also 
Yi = Yi-1 + F(Z;, Y;) (Gi — Ti-1); 


where (z%, y;) are the codrdinates of a point of C, and where «; lies between 
2;-, and z;. We derive from these equations 


(517) 4 — Yi = %—1 — Yi-1 + (Gi — Bi-1) [F Gi-1, %-1) —F @, YI 
and the coefficient of (x; — #;~-1) can be written in the form 
Uf (wz—1, 2-1) —S (@i—1, Ys—1)] + [Lf @i-1, M-1) —f i YD): 


The absolute value of the first difference is, by the condition (52), less than 
Kd;_1. On the other hand, since the function f(z, y) is continuous in the region 
(Z), it is a continuous function of # along C, and we can find a positive number o 
so small that | f(z, y) — f(#’, y’)| is less than a given positive number 2 d for any 
two points of the curve C, provided that |x — a’| is less than ¢, Having chosen 
the number g in this way, we have 


(58) d; < dj-1 + (i — %—-1) (2 + Kd;-1), 


a relation which is very similar to the relation (56), and from which we obtain, 


as before, the inequality aN 
[eX@i-—%) — 1]. 


di 
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Let us suppose that the number 2 is so small that we have 2) (eX! —1)< Ky. 
We may then establish, step by step, that each of the differences d,,dy,+-+, dn is 
less than 7. All the vertices of the broken line A are therefore in the region (£). 
Let P(x) be the ordinate of a point of the line A; similarly, let Q(z) be the 
ordinate of a point of the auxiliary broken line A’ obtained by joining the 
points of C having the abscissas 2), £1, £2,°+*,; In—1, 4) + /. Then we have 


P(x) — F(z) = P(z)— Q@) + Q@)—F). 


If the oscillation of the function F(a) in each of the partial intervals is less 
than e/2, we have always | Q(x) — F(z)| <e/2 (see Vol. I, § 206, 2d ed.; § 199, 
1st ed.). If also the number 7 is less than €/2, we have | P(x) — Q(x) | <«/2, and 
therefore | P(x) — F(x)|<e. Then the continuous function P(x) represents the 
function F(x) with an error less than e in the whole interval (zr), £, + 1). 

The Cauchy-Lipschitz method can be extended to systems of differential 
equations without any other difficulty than some complications in the formule. 
It applies also to complex variables. The investigations of E. Picard and of 
Painlevé have shown that the method leads to developments of the integrals in 
convergent series in the whole region of their existence if the right-hand sides 
of the given equations remain analytic in this region. 
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31. First integrals. Given a system of n —1 analytic differential 
equations of the first order, we shall write these equations in the 
symmetric form 

Gh sas. dz 


(59) iS WR oo ue aa 


where the denominators X,, X,--+-+, X, are functions of the n variables 
1) Ly3*++, Xz. This form of the equations does not involve a choice 
of the independent variable, which may be any one of the variables 
or may be chosen arbitrarily. We have seen above that, under 
certain conditions which have been defined, all the integrals of this 
system which pass through any point of a region D are represented 
by a system of equations of the form 


(60) eee CORY) cs TAREE Gs oe Gs ee 


Jn Op Ee OOo Xp) = Coo 


where fi, fy) +++) J,—-1 are (nm — 1) functions analytic in D, and where 
Cy) Cay +++) Cy_y are constants which may be arbitrarily chosen, at least 
within certain limits (§ 26). The formule (60) represent the general 
integral of the system (59) in the region D; but there may be other 
values of the variables also, for which (60) represents the solution. 
It may happen that we obtain several different systems of formule 
representing the general integral in different regions. It is also clear 


% 
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that, in the same region D, the ain of equations (60) is not the 
only possible representation. We can replace the (x — 1) functions 
J; by (x — 1) functions F; which depend only upon the functions f,, 
provided that these (n —1) functions F; are independent functions 
of the variables f;. 

However the functions f; have been taken, if the formule (60) 
represent the general integral of the system (59), the functions f, 
satisfy the same partial differential equation of the first order. For, 
let us suppose the codrdinates of a point x, x,,-+-, x, of an integral 
curve expressed as functions of a variable parameter. If we replace 
the codrdinates x,, x,,---, x, in f, by their expressions as functions 
of this parameter, the result reduces to a constant. We have, there- 
fore, df; = 0, and, replacing the differentials da,, dx, --- in df, by 
the proportional quantities X,, X,,---, we find that f; satisfies the 
relation Pe of es 

(61) As ae ia tie cy is 


n 


This relation must reduce to an identity, when f is replaced by /f,, 
since we can choose the constants C, in such a way that the integral 
curve passes through any point of D. The (n —1) functions f, f,, 

-+, f,-1 are therefore (n —1) integrals of the equation X(f)= 0. 
Every function I(f, f,:+-+,f,-1) 18 also an integral of the same 
equation, whatever may be the function II, by the relation 


om 
Ofn-1 


oll orl 
= — — cee DS 
XQ) = FAA) +A + + Be Kh) 
which is easily verified. 
Conversely, we obtain in this way all the integrals of the equation 
X(f)=0. For, eliminating the coefficients X; from the m relations 


A(f)=O XCA)=9 ++; XCG-1) =, 


we obtain 


Df, Sir Sas aia e peat) = () 
D{,, Lo) eee Xn) : 


which shows that fis a function II (f,, f,, «+ +,f,-1) of the (n —1) par- 
ticular integrals f,, fy,°++, fr-1 C1, § 55, 2d ed.; § 28, 1st ed.). We 
can also verify this by a change of variables. Let us suppose, in fact, 
that we take a new system of independent variables y,, ¥,, +++, Yns 
where the n — 1 variables y,, y,, +++, Y,—1 are precisely the functions 
Fo fur *) Fn—1 themselves, and where the variable y, 1s chosen in 
such a way as to form with y,, y,, +++, Y—-14 System of m independent 
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functions of the original variables x,,#,,--+-,#, Then the equation 
X(f) = 0 is replaced by an equation of the same form 
af . of 


(62) vinay, toy ty... 4) 


—/. —() 
ye eee "aye 


which must have the (n — 1) particular integrals 


S=Yp aS | J =Yn-1 
We have, therefore, . 
Y,=Y,=::: oo ge U, 
and the equation (62) reduces to éf/éy, = 0. The general integral is 
therefore an arbitrary function of y,, Y,) +++; Yn—1-* 

The integration of the partial differential equation X(f) = 0 is 
therefore reduced to the integration of the proposed system of dif- 
ferential equations (59). Conversely, let us suppose that we have 
obtained an integral f of the equation X(f)=0 in any manner 
whatever. If we replace x,, x,,---, x, in that function by the coér- 
dinates of a point of an integral curve, supposed to be expressed as 
functions of a variable parameter which may be one of the coérdi- 
nates themselves, the result obtained reduces to a constant. In fact, if 
we suppose that x,, x,,---, %, are functions of a variable parameter 
satisfying the relations (59), the total differential df of the preced- 
ing function reduces to KX(f), where K denotes the common value 
of the ratios dx,;/X,. The equation f= C is therefore a consequence 
of the given system of differential equations. For this reason we say 
that the function fis a first integral of that system.t 

If we know m —1 independent first integrals, we can write im- 
mediately the general integral of the system (59); if we know only 
p independent first integrals (p < m —1), we can reduce the integra- 
tion of the given system to the integration of a system of n — p —1 
differential equations. For, let f,, f,,---, f, be these p first integrals. 
From the p relations 


* The two modes of reasoning do not require that the function f should be analytic. 
The only necessary conditions are those which are required in order that we may 
apply the formule for change of variables, that is, the existence and the continuity of 
the partial derivatives of the desired function /. 

t The reasoning would no longer apply if the factor K were infinite for all the 
points of the integral curye, which would be the case if the codrdinates of all the 
points of that curve were to make the n functions Xi vanish. It is also necessary 
to make an exception of the integrals which are such that at least one of the functions 
X,, Xo, +--+, Xn is not analytic in the neighborhood of any point of that curve. This 
case arises when there are singular integrals. 
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2 
we can obtain p of the variables 2, x,,---, x,, for example, yy Tay 

+, Zp, as functions of the remaining » —p variables x,,,, +++, 
x, and the p arbitrary constants C,, C,,---+, C,. It will suffice, then, 
to determine 2, ,,, @,4.,-+-+, x, aS functions of a single independent 


variable. If we denote by X,,,, X,42,--+, X, the new functions 
resulting from X,.,,X,+2,:+-, X, after we have replaced Hi, Ho, > > *, 
x, in them by their expressions, it will suffice, therefore, to integrate 


the new system, 


(63) 


eee 


By 44 Ss Aky 4 de 
xX, +1 xX, +2 2G 


in which the new denominators depend upon p arbitrary constants. 

We can also reason in another way. If we take a new system of 
independent variables, y,, y,, +++, Y,, Where the p variables y,, y,, +++; 
Yp are identical with the » known first integrals f,, f,,---, f,, the 
equation X(f)=0 is replaced by an equation of the same form, 
Y¥(f)=9, which must have for integrals f=y,,---, f=y,. That 
equation is.therefore of the form 


me SOF Ue 
Yo+1 OY 41 GS ified sa OY mae 


and its integration reduces to that of a system of n — p —1 differ- 
ential equations of the first order, 


We see from this the importance of looking for first integrals. 
In each particular case the discovery of a new first integral con- 
stitutes a step farther toward the complete solution. It would not 
be possible to give a very definite rule of procedure for this purpose. 
Let us merely notice that the problem amounts to forming an inte- 
grable combination of the equations (59), that is, to determining n 
factors, fy May +++, Bn, SO that 

HX, + BX, ++ + HX, = 9, 
and that 
fd, + po, de, + +++ + Mae, 
is an exact differential dp. For it is clear that we can deduce from 
the equations (59) a new ratio equal to the first 


dx; Bex py da, ate fa Soe a5 Min AL, . 


Xx; bX, 5 ie i bn Xn ; 


hence the relation 
dp = pdx, +--+ + p,dx, = 0 
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is a consequence of the equations (59).1f 

BX, es + HX, = 9. 
It follows that we can find a first integral by quadratures if we 
know the factors uw; This is the case in particular whenever we 


can find n factors, My, y)*+*) Bay Such that the factor p,; depends 
only upon the variable x, and such that 


Let us also observe that, if we have obtained p first integrals of 
the system (59), it may happen that the new system (63) can be 
integrated completely for particular numerical values of the con- 
stants C', C,,+++, C,, while the actual integration is impossible for 
arbitrary values of these constants. 


Example 1. Let it be required to integrate the system 


du 
64 — = vv, 
(64) = ww 


dv dw 
— = wu, — = Uv. 

dz dz 

We easily see two integrable combinations udu = vdv = wdw. We have, there- 
fore, two first integrals, u? — v? = C,, u* — w2 = C,. Hence, putting the values 
of v and of w obtained from these relations in the first of the equations (64), 
we have for the determination of u the differential equation 


(65) al = V(e= OG) = G, 
the general integral of which is an elliptic function (§ 11), reducing in special 
cases to a simply periodic function or even to a rational function. Since the 
given system is symmetric in u, v, w, we conclude that v and w are also elliptic 
functions. 

Example 2. Let us consider the system 


(66) ap Ms a = pw ru, a2 = qu— pr, 
where p, q, r are given functions of z. We have again an integrable combination, 
udu + vdv + wdw = 0, from which we derive the first integral, u2 + v? + w? = C. 
Discarding the case where C is zero, we may suppose C = 1, for the system (66) 
is not changed by multiplying u, v, w by the same constant factor. Instead of 
solving the relation u? + v? + w? = 1 for one of the unknowns, we can proceed 
in a more symmetric manner by considering u, v, w as the codrdinates of a 
point of a sphere of radius unity and expressing them as functions of two varia- 
ble parameters — for example, in terms of the parameters which determine the 
rectilinear generators of the sphere. Let us put for that purpose 


utiv l+w u+tiw l1l—w 
= —=A, ee een ny 
. 1l1—w u—iv l+w wu—iv 
which gives 
1—X 
= le = es aa a al 
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Substituting these values of u, v, w in the system (66), we find after some 
easy calculations that \ and « must satisfy the same Riccati equation, 
do. q+ ip AN 


67 do 
oS dz Be toe a ete 2 


Hence the integration of the given system is reduced to the integration of a 
Riccati equation.* 
Example 3. Let us consider the equation integrated by Liouville, 


Y + o(e)Y +fMy?= 
Putting y’ = z, we may replace the given equation by the system 
dx dy _ —dz 
1 oz g(a)ztfly)2 


from which we derive the integrable combination dz/z + ¢ (x) dz + f(y) dy = 0. 
The given equation of the second order has therefore the first integral, 


oe d@dx flrardy _ ay 


which we could also have obtained directly by dividing all the terms of the 
equation of the second order by 7’. The preceding equation of the first order 

is of the form y’= CXY; hence, by separating the variables, the integration 
: may be completed by two quadratures. 


Note 1. We sometimes replace the system (59) by the system 


(68) da, di, _ a eae 
KG AG xe 
where ¢ is an auxiliary variable which is introduced in many cases only for the 
sake of greater symmetry in the reasoning. If the original system (59) has 
been integrated, we can obtain t by a quadrature, for if we replace x, 73, ---, 
Zn, for example, by their expressions in terms of z, and of the constants Cj, 
Cy, +++, Cn—1 in X,, we are led to a relation, 


di= PG,, Ci, Cx, +9 C,-1) 42, 


from which we can find t by a quadrature. It follows from this that the gen- 
eral integral of the new system (68) will be represented by the n equations of 
the form 

(69) Hes C,, fo = Cy, muses Sn-1 = Cn-1, 


Sn (4, e,**% €n) =t— to, 


where f,, fg, +++; fn—1 are (n— 1) independent integrals of X(f)=0, and 
where t, is a new arbitrary constant. 

Conversely, in order to obtain the integral curve of the system (59) that 
passes through the given point ?, z2,---, 22, we can look for the integrals of 


* See DARBOUX, Théorie des surfaces, Vol. I, chap. ii. 
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the system (68), where ¢ is considered as the independent variable, which for 
t = 0 take on the values z?, 28, -++, 2? respectively. Let 


(70) cee Thy tts Hays Le = ga(t; v4, lens n)s a 
Ln = dn(b; x, ean ay) 


be these integrals ; it is clear that the preceding expressions represent the inte- 
gral curve sought. We should have to make an exception only if all the func- 
tions X; were zero for the initial values 2? and analytic in the neighborhood. 
In this case the expressions (70) should reduce to 2; = rare But, since the ratios 
dx,/dx,,+++, Utn/dz, appear in an indeterminate form, nothing justifies us so 
far in saying that there is no integral curve passing through the given point. 
This is a case which will be examined later (§ 75). 

Note 2. The relation which exists between the system of differential equa- 
tions (59) and the linear equation (61) proves that XY(f) is a covariant of the 
system (59). The meaning of this statement is as follows: Let us suppose that 


we take a new system of independent variables, y,, y., +--+; Yn, connected with 
the variables @,, , +++, %, by the relations 
(71) Li = Pi (Yr, Yor ***s Yn)- (=1, 2,--+, n) 


By the formule for change of variables, éf/éz; is a linear homogeneous func- 
tion of the derivatives df/éy;, and X(f) changes into an expression of the 
same form, 


of 


(72) ViNn=% +42 of 
i 


Cy oe eee 
* OY, CYn 


where Y,, Y,,---, Yn are functions of y,, ¥3,--+, Yn. This being true, we may 
now assert that the same change of variables applied to the system (59) leads 
to the new system of differential equations, 


yy eS ei 

epee -—- 

We could establish this by a direct calculation, but it results also from the 
preceding properties. In fact, let 


(78) 


(74) : OU Oy 5 Oe 
Z, Zp Zn 
be the system to which we are led by applying to the original system (59) the 
change of variables (71) ; it suffices to show that Z,, Z,,---, Z, are proportional 


to Y,, Y,,-+++, Yn. Now let f(x, 2,-+-, a) be a first integral of the system 
(59) and 


F(y,, Yoarttts Yn) 
the function derived from f(x,, #,,---+, £,) by the change of variables. Since 
we have X(f) = 0, we have also Y(F)=0. Besides, F(y,, y,-++, Ym) is evi- 


dently a first integral of the new system (74), that is, an integral of the linear 
equation 


0. 


oF oF 
Ce ach tS res = 
1 n 


Since the linear equations Y(F) = 0, Z(F) = 0 have the same integrals, their 
coefficients are proportional, which proves the theorem. 
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This last point in the proof results froth the fact that a linear equation 
X (f) = 0 is completely determined, except for a factor, when we know (n—1) 
independent integrals, f,, fy,++:, fr—1, of it. In fact, the (n — 1) equations, 
X (fi) = 0, linear and homogeneous in X,, X,,-++, X,, determine the ratios of 
these coefficients as unknowns, for the determinants of order (n — 1) formed 
from the partiai derivatives of the functions f; cannot all be zero at the same 
time (I, § 55, 2d ed.; § 28, Ist ed.). It may be noticed that the most general 
linear equation having the (n — 1) integrals f; can be written in the form 


Deena 22°) In—1) =0 


TI (1, %, +++, Ln) D(« z dn) 
HERG X oe eat YZ} 


? 
where II (x,, 2, +++, Zp) is an arbitrary function. 


32, Multipliers. The theory of integrating factors has been extended by 
Jacobi to simultaneous differential equations. Let Js Sos +++; Fn—1 be independ- 
ent first integrals of the system (59). The equation X(f) =0 is, as we have 
already remarked, identical with the equation 


te JBN Gia eigen: +++ Fn—1) = 0. 


D(x,, Doyt%%5 Ln) 


A 


Writing thetondition that the coefficients of the derivatives of/dx; in the two 
equations are proportional, we are led to n relations which may be written in 
the form 


(75) (Nien IEXG (Ci 5 300, 49) 


where A; denotes the coefficient of éf/éx; in the determinant A. This factor M 
is called a multiplier. 

Whatever the first integrals f,, f,, +++, f,.—-1 may be, this function M satisfies 
the linear partial differential equation 


SD ee a, 4 es g, 
OL OL, On 


Substituting for each of the products M_X; = A, its equivalent expression as 
a determinant of order n—1, and carrying out the indicated differentiations, 
each term of the left-hand side is, in fact, the product of a derivative of the 
second order, such as 62f;,/éx; 0x, (i 4k), and (n — 2) partial derivatives of the 
first order. To prove that the result is zero, it suffices to show that it does not 
contain any derivatives of the second order. Let us take, for example, the 
derivative é?/,/ér,ér,. This derivative appears in two terms ; in one it is mul- 
tiplied by D( fy, f,,°+*s fn—1)/D (yg, Ly, +++, Ln), and in the other by the same 
coefficient but with the opposite sign. The sum of these two terms is therefore 
zero, and similarly for all the others. 

If M, is a particular integral of the equation (76), the substitution M= Mu 
reduces that equation to the form X(u)=0. If we know a multiplier M of the 
system (59), the general integral of the equation (76) is accordingly MII (f,, fos 
+++, fn—1), Where II is an arbitrary function. Every function of this form is 
also a multiplier ; in other words, there exist (n — 1) first integrals F,,---, Bets 
such that MII(f;, fg,+++, 4-1) can be deduced from F,, Fa,*+*, Fn-1 in the 
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same way that M was deduced from f,, f,,--+, f.-1- For this purpose it is 

sufficient that we have, supposing X, # 0,‘ 

i D(F,, fcc TLE) 1 D(F,, By, +++) Fn—d) DSi Soy ++ ts fn-1) _ yey 
— 73 2, pI] 

x, D (xq, Lg, ++") In) xX, D (fis Sart 's n—1) D(z, +++ Dn) 


or 
DH Ws, es Foe) oye 


DF, Uae tae es Snel) aa 


This condition can be satisfied in an infinite number of ways. Indeed, n— 2 
of the first integrals 7; may be assigned arbitrarily in advance. 
Let us consider the system 


dt, __dty__ an 
pees a im 


ia Jes ie *“stn=1)> 


(77) 


with the auxiliary variable ¢. This system can be reduced to the simple form 
(78) din dp — a dyn = dt 


by taking for the variables the n —1 first integrals f,, f,,---, fr,-1 and the 
function f,, which appears in the preceding formule (69). It is easy to obtain 
the general expression for the multipliers in terms of the variables y;, for 
every multiplier is of the form 


= 1 Dy, Yorn Vat) 
eee DE, Siar seen) TT (¥, Y2y** +) Yn—1)- 


On the other hand, we have 


Syria SN a ge OR 
1 dt OY; dt CYn dt Un 
From the relations y,; = f,, +--+, ¥ =n, which define the change of the variables, 
we derive, by differentiating with respect to y, and solving, 
Dy, Yas eee Yn—1) 
OTe fe yr-1 D (x2, 03, +++, Ln) ‘ 
OYn Dy; Yor ty Yn) 


De, Loyrr ry Ln) 
and the general expression for the multiplier can be written in the form 


1 D(®,, Ly, +++, In) 


(79) M Di, TRE RSS SOROS Yn—1)> 


where @ is an arbitrary function of y,, y,,+++, Yn—1- 

Let us suppose, now, that after carrying out any change of variables affecting 
only the z,’s without changing the variable t, we have reduced the system (77) 
to the form 


(80) Ge eee 
ga) | ne xX), 


where the X;’s are functions of the new variables z; independent of t. If M’ is 
a multiplier of this new system, we have 


1 Die; oe eK x.) 


(81) Mt — DG, Josg rn 2 Yoy***) Yn—1)- 
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Taking the same function ® in the two eXpressions, we derive from them, by 
dividing their corresponding sides, the relation 


D(X1, Ly, BS) Ln) 


(82) M’ = M 7 7 fee 
D(x}, Izy ***y Lp) 


Hence, if we know a multiplier M for the system (77), we can derive from it a 
multiplier M’ for the transformed system. 

This property explains the practical importance of multipliers. Let us sup- 
pose that we know n — 2 first integrals of the system (59), and also a multiplier. 
We can then reduce this system to the form 


dx; do _ ay da’, 
—$ Sere = — = =at 
0 0 Bae 1 Xa 


by a change of variables, and we can then find a multiplier M’ for this new 
system, that is, a solution of the equation 

a(M’X, naa) o(M’X,,) 

ox 


=), 


7 Pee 


n—1 Ok, 


It follows that M’ is an integrating factor for X),dzx,_,— X,_,dz,, and the 
integration ¢ can be finished by quadratures. 

A particular case which presents itself frequently in mechanics is the one 
for which we have 2¢X;/éz; = 0. The equation (76) reduces then to XY¥(M) =0, 
and we know at once a multiplier M=1. 

This remark applies also to the equation of the second order, y” = f(a, y), the 
integration of which leads to that of the system 


dx dye dye 
1 y¥  f@,y¥) 
If we know a first integral of it, y(z, y, y’) = C, we can, from what precedes, 


finish the integration by quadratures. This is easily verified as follows: Let us 
suppose that the equation y (a, y, y’) = C has been solved for 7: 


y= o(f, Y, C). 
Since all the integrals of this equation of the first order must satisfy the equation 


y =f (z, y), whatever may be the constant C, we must have 0¢/éx + (0¢/dy)¢ =f. 
Hence, since f does not contain C, 


Ob Pb, Ob ab _ 
50 ou + scm? By a0 


which states that 6¢/éC is an integrating factor for dy — ¢dz. 


33. Invariant integrals. The invariant property of the multipliers relative to 
every change of variables can be brought into relation with the general theory 
of invariant integrals, due to Poincaré,* and about which we shall say a few 


* Les méthodes nouvelles de la Mécanique céleste, Vol. III, chap. xxii, and the 
following chapters. See also Goursat, Sur les invariants intégraux, in Journal 
de Mathématiques, 6th series, Vol. IV. 
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words. Let us consider in particular a system of three differential equations, 


dz dy dz 
(83) roy nS 
where X, Y, Z are functions of x, y, z. In order to simplify the statements, we 
shall regard these equations as defining the movement of a particle in space, 
where the variable t represents the time. The particle which, at the time t = 0, 
is at a point M, (9, Yo) Zo) has arrived at the time ¢ at a point M; whose coordi- 
nates are (z, y, 2). If the point M, describes a certain region D, of space, the 
point M;, describes a corresponding region D,. Now let M (a, y, z) be a function 
of the variables z, y, z; we shall say that the triple integral 


t= {ff Me, y, 2) da dy dz 


is an invariant integral of the system (83) if the value of that triple integral, 


Ans M(c, y, 2) da dy dz, 
Dt 


extended over the region D;, is independent of t and equal to the same inte- 
gral extended over the region D,. For example, if the equations (83) define 
the movement of an incompressible fluid, the volume of the region D,; is constant 
and the integral f/f dxdydz is an invariant integral. 

Invariant line and surface integrals are defined in a similar way. If the 
point M, describes a curve Ly, or a surface S$), the point M; describes a curve 
I; or a surface 3;. A line integral 


fade + Bdy + ydz 


1s an invariant integral if the value of that integral along the curve J; is inde- 
pendent of ¢ and equal to the same line integral taken along Ly. Similarly, a 
surface integral 


iF Pdydz + Qdzdx + Rdxdy 


is an invariant integral if the value of that integral extended over the surface 3, 
is independent of t. 

These notions can be extended without difficulty to the most general systems 
of differential equations of the form (68). For such a system there are n classes 
of invariant integrals, of the 1st order, of the 2d order, ---, of the nth order, 
according to the order of multiplicity of the integral considered. The conditions 
that a multiple integral of order p shall be an invariant integral are easily ob- 
tained by means of the formule for the change of variables in multiple integrals, 
We shall develop the calculations for a multiple integral of order n. Let 


T(t) = [foes [Mees ty +55 ay) dy dey +++ ty 


be a multiple integral of order n extended over the region D, which corresponds 
to a definite region D, in the manner just explained. This integral will be an 
invariant integral if it is independent of ¢; that is, if we have I’ (t) = 0. In order 
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to calculate that derivative, we shall give tt an increment h, and we shall cal- 
culate the coefficient of h in the development of T(t+h). Let oe be the value to 
which a; changes when we change t tot +h; we have 


I(t Se h) = fff ee, 9, aoe @,,) Ax; daty +++ dx, 
t 


where the new integral is extended over the region Dj, which corresponds point 
for point to D;. Then we may write 


D(a} tory = Z,) 
I(t+h =ffeof M(xi, +++, x ge de tp an dz.) 
(t+ h) ie (Ty, +++, ol eet 1dr, n 


On the other hand, omitting the terms in h of degree higher than the first, 
we have 
C= +hXe+--., 


Ya / / oM oM 
M(%1, 23, +++, 4) = M ey, yy +4 Be) + (XT srt Ky, )+ aor 


1 Oly , 
aXe D. 
Tee ee a 1 je 
Die te. on "9 HS 
aXG x, 
D34e op, > 5 fa) ees ae : 
Ox, OL, 
AG X;, 
=14a(7 ea *) + ; 
Ox, On 


a. oe 
+ n| ae (A aes oe 


oM 
= a )+ 415 Ss ee: Fees. 
OL, OLn, 


OL, On 


The derivative dI/dt has therefore the value 


Te  eeae a cea eee 
dt D, Ox, OL, 


In order that J be an invariant integral, it isnecessary and sufficient that dI/dt 
be identically zero, whatever may be the region D, and therefore that we have 


a(MX,) , , 2X) _ 9 
Ox, OLn 


(84) 


This condition is identical with the equation (76), and we obtain Poincaré’s 
theorem: In order that the multiple integral 


shall be an invariant integral, it is necessary and sufficient that M be a multiplier. 
It follows that if we make any change of variables, 


Li = Pi (Ys Yor + °%s Yn)s (Gh YA 6 005 1D) 
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in the equations (77), we obtain a new system, 


dy, _Y__ ,_ Un _ gy. 
vary: Pe 


(77) 


and if M is a multiplier of the system (77), the n-fold integral 


fff Meda dig «++ den 


is an invariant integral of that system, and the n-fold integral which is obtained 
from it by the same transformation, 


DiGi, Vay 5 En) 
ia Meas og aig) a gag os Bilas 
SS J y his Yos***s Yn) < - 


is evidently also an invariant integral of the transformed system (77’). Therefore 


the expression 
D(®1, ag, °* +, Ln) 


Dy, Yor" ys Yn) 


M=M 


* is a multiplier of the new equations (77’), as we have demonstrated directly. 


Example. In order that the volume shall be an invariant integral of the 
equations (83), M=1 must be a multiplier, which requires that we have 
GAC Ge | as 
(85) Or Ae oy 4 fae al) 
This is the condition for the incompressibility of a fluid for which the equa- 
tions (83) define a stationary flow. 


IV. INFINITESIMAL TRANSFORMATIONS 


34. One-parameter groups. * Every set of an infinite number of transformations, 
of any nature whatever, affecting the n variables z,, 2, ---, £,, form a group if 
the transformation obtained by carrying out any two transformations of this set 
in succession belongs to the set. For definiteness let us consider two variables 
x, y, and let T be the transformation defined by the equations 


(86) v=f(t,y; a), y=9(2,¥; 4), 


where a denotes an arbitrary parameter. If we regard x and y as the codrdi- 
nates of a point M in a plane, and a’ and 7’ as the coérdinates of another point M’, 
the preceding equations define a point transformation. To each value of the 
parameter a corresponds thus a definite transformation. Varying this param- 
eter, we obtain an infinite number of different transformations. Let us suppose 
that we carry out in succession two different transformations of this set, corre- 
sponding to any two values a and b of the parameter. The first transformation 
will carry the pair of values (x, y) over into the pair of values (z’, y’) given 


* The theory of continuous groups of transformations was developed by Sophus Lie 
ina great number of papers and in his treatise, Theorie der Transformationgruppen. 
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by the equations (86). The second transfgrmation will then carry the pair of 
values (x’, y’) over into a third pair (x”, y”) such that. we have 


(87) a =f(e,y; 6), y=o(r’,y’; b). 

Let us replace x’ and 7’ in these last two equations by their values (86). The 
resulting equations, 

(88) a se ONS hy (a) OP (OM) 


again define a point transformation depending upon the two parameters a and b. 
We shall say that the set of transformations (86) form a continuous one-parameter 
group if the new transformation (88) belongs to this set. It is necessary and 
sufficient for this that the equations (88) be of the form 


(89) a’ =f(t,y;c), y=9(%,y; 0), 
where c is a value of the parameter depending only upon a and upon db; that is, 
c=y(a, b). The preceding definition evidently applies whatever may be the 


number of variables, in particular if there is only a single variable. 
The relation x’ = x + a, or, any one of the pairs of relations 


av =2+a, y =y+2a; 
v=2rcosa— ysina, “=asina + y cosa; 
of tT Y= Ory 


represents 4 one-parameter group. On the contrary, the transformations #’=z+ a, 
y =y + a do not form a group, for the transformation resulting from two suc- 
cessive transformations, 2’ =«+a+b,y” =y + a? + b?, do not belong to the set. 

If in the equations (86), which define a group of transformations, we put 
a = l(a), where a is a new parameter, it is clear that the relations obtained 
again define a group. The same thing is true also if we make a change of vari- 
ables, as we easily convince ourselves a priori. In fact, if a set of point trans- 
formations in a plane is such that the transformation resulting from two 
successive transformations belongs to the set, it is clear that this property is 
independent of the choice of the codrdinates by means of which we fix the 
position of a point in the plane. It is easy to verify this directly. Let us 
suppose that we put z=II(u, v), y =II,(u, v), and let the inverse relations 
be u=II-1(a, y), v= My} (ec, y), so that we have identically 


e=(I (2, y), Uy*(2,y)], y=, *@, y), Uy*@, y)]. 


By hypothesis, the transformations considered form a group, and the equa- 
tions (89), where c = ¥ (a, b), are a consequence of the equations (86) and (87). 
Let (u, v), (u’, v’), (Ww, v”) be the pairs of values of the new variables which 
correspond respectively to the pairs (a, y), (a, y’), (e”, y”). We have 


Ww = I-42’, y’) =I 1{ f [1 (u, v), 0, (u,v); a], o [I (wu, »), I, (u,v); a)} 
= F(u, v; 4), 

y= My (2',y) = My {SL (u, »), 0, (u, v); a], [1 (u, v), 1, (u, v); @]} 
= (u,v; a); 


(90) 


and everything depends on showing that the equations (90) also define a group 
of transformations. Now we have, for example, u” = F’(u’, v’; 6), or 


wu’ = TI f[M(v, v’), 1, (wv, v’); 6], o((, v), Hw, v’); d]}. 
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Since the equations (86) define a group, this value of u” is equal to 
MILF, Ys), 60, v5 NISMS U5 Oy 0 Us Os 
that is, to 
II-!{ f [11 (u, v), I, (u, v); ¢], [IM (u, v), I, (u, v); cj}=F(u, v; ¢). 


Similarly, we should find that v’ = ®(u, v; c). Two groups of transformations 
which are carried over one into the other by a change of variables are said to 
be similar. For example, the two groups 2’ = az, wv =u + b are similar, for we 
pass trom one to the other by putting u = logz, b= loga. 

We shall now determine all possible one-parameter groups, supposing that 
the functions f and ¢ are analytic, and supposing also that the group contains the 
identical transformation, that is, that for a particular value a, of the parameter 
we have f(x, y; a) = 2%, (%, Y; %) =y, Whatever z and y may be. 

In the equations of condition 


(91) S(e,y; )=f(@,y;°¢, o(@,y; d=, ¥; 4 


we can consider 2, y, a, c as independent variables, and 6 as a function of a 
and c defined by the relation c=y/(a, 6); x and 7 are functions of a, y, 
and a defined by the equations (86). Taking derivatives with respect to a, we 
derive from the relations (91) 


== 


Girl Chey OF ab _ 9 Op OL’ Oh ae, 6d eb 
cb Ga 


(92) — : = 0, : ae 
ov’ oa = Oy’ Ca~—s 0D Ov’ ca = Oy’ Ga 


But 0b/da is given by the relation éy/da + (éy/éb) (€b/éa) = 0, and therefore 
depends only upon a and b. Solving the preceding equations (92) for éx’/éa, 
dy’/da, we obtain, therefore, relations of the form 


, ti 


Ox Ys 7 7) 4 St 
= d(a, d) E(2’, y’,d), “= r(a,d) n(2’, 0). 
od od 


Now 2’ and 7 do not depend upon 0; the same thing is therefore true of }, &, 7 
if they have been properly chosen, Therefore 2 and 7 are integrals of the 
system of differential equations, 


dx’ dy’ 


93 pee ens Gab 
me) Ew, y’)  n(v’, y) 


d (a) da, 

which for a = a) take on respectively the values z and y. Conversely, whatever 
the functions &(«, y), n(x, y) may be, the equations a’ = f(z, y, a), y’ = $(@, y, a), 
which represent the integrals of the preceding system which reduce respectively 
to x and to y for a particular value a, of the parameter, define a continuous group 
of transformations. In the first place, it will be simpler to introduce a new 
parameter, 


- 


t= f r@) da, 


0 
which enables us to write the differential equations (93) in the abridged form 
CL GE 


94 oe eee 
a E@,y) a@,y’/) 


0h 
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The general integral of this system can be written, as we have seen above (§ 81), 
in the form 

Q (2, y’) = 01, Q (wv, y’) =t+ C,, 
where ©, and Q, are definite functions of x’, y’, and where (C,, C, are two arbi- 
trary constants. The solutions which take on the values z and y for t = 0 are 
given by the system of equations 


(95) (2, Y= Q(z, y), M4 (2’, y’) = OQ (a, y) + t. 

The preceding expressions, indeed, define a continuous group, for if we carry 
out in succession the two transformations which correspond to the values ty 
and t, of the parameter, the resulting transformation corresponds to the value 


t, + #, of the parameter. The two transformations which correspond to the 
values ¢ and —¢ are the inverses of each other. If we have 


; vw=f(r,y;t), yv=o(r,y; 4, 
we may write also 
t=f,yv;—-t), y=o(,y; —d. 
If we take for the new variables 
u=Q,(z, y), v= 0,(@, Y), 

the equations (95) become 

(96) sic UU, v=v+t; 
and we say that the group is transformed to the reduced form. Every con- 
tinuous one-parameter group is therefore similar to a group of translations. 

Let us take, for example, the group a = ag, y’ = a? y. Applying the general 
method, we have . , , 

ox’ x oy y 


=t=—, —=2ay = 2— 
oa a oa a 


. 


The differential equations (93) are in this case 
Oe O da me 


=e dt, 
AV SE 9 0) 


where t= loga. The finite equations of the group can be written in the form 


yl, log x’ = log a +f, 
g/2 gt 


and they will be brought to the reduced form by taking for the new variables 
log x and y/z?. 


35, Application to differential equations. Let us consider a given differential 
equation 
(97) 


ar) 


( dy d?y dq" “) 
and a known one-parameter group of transformations of the form (86). Let us 
suppose that the equation (97) is identical with the equation obtained by carry- 
ing out on it the change of its variables x and y defined by the relations (86), 
whatever may be the numerical value of the parameter a. If this is the case, 
we shall say that the differential equation (97) admits the group of transforma 
tions (86). We can make use of this property to simplify the integration. In 
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fact, let us suppose that we carry out a change of variables such that the equa- 
tions which define the group in question are brought to the simple form w’ = u, 
vy =v+a. The same change of variables, applied to the proposed differential 
equation, leads to a new differential equation of the nth order, 


dv d*v de 
(98) ® (¥, oy ) a8 


au’ ae’ dee 


which does not change if we replace in it » by » + a, whatever may be the 
numerical value of the constant a. This can happen only if the left-hand side 
® does not contain the variable v. If the equation is of the first order, we obtain 
the general integral by a quadrature. If n >1, we can lower the order of the 
equation by unity by taking dv/du for the new unknown dependent variable. 
Let us consider, for example, the homogeneous equation of the first order, 


This equation does not change if we replace z and y by az and ay respectively, 
whatever may be the constant a. Now the formule z’ = ag, y’ = ay define a 
group of transformations, which can also be written in the form 


Y —!, logy = logy + t. 
L 


Hence if we put y/x = u, log y = v, we are led to an equation that is integrable 
by a quadrature (see § 3). 

Let us now consider linear equations of the first order, and first of all the 
homogeneous equation dy/dz + Py=0. Since this equation does not change 
when we replace in it y by ay, whatever may be the constant a, we say that 
it admits the group of transformations x’ = z, y’ = ay. Hence it will be inte- 
grable by a quadrature if we take log y for the dependent variable. 

Next, let 

dy 

(99) rf + Py+Q=0 
be the general linear equation of the first order, and let y, be a particular 
integral, not zero, of the equation dy/dx + Py=0. It is easily verified that 
the equation (99) does not change if we replace y by y + ay,. Hence it admits 
the group of transformations defined by the equations 


Taking for the new dependent variable y/y,, the equation must reduce to an 
equation integrable by a quadrature. We are led to precisely the calculations 
of § 4, and it is easy to see in a similar manner that the different cases of reduction 
of the order of the equation which have been indicated in § 19, for equations of 
higher order, are essentially only particular cases of the preceding method. 
These different methods, which appear at first sight as so many different 
devices for solution, having no relation one to another, can thus be considered 
from a common point of view by means of the theory of groups of transforma- 
tions. To every continuous one-parameter group of transformations on the 
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two variables « and y we can make toreeaea in this way an infinite number 
of equations of the first order which can be integrated by a quadrature, and 
equations of higher order whose order can be depressed by unity. 

This fact may be of practical importance in the setting up of the equations 

in certain problems. Suppose that it is a question of finding the plane curves 
which possess a certain property, and that we know a priori a one-parameter 
group (@) of transformations such that, if we apply any transformation of (@) 
to a curve having the given property, the new curve also has the same prop- 
erty. It is clear that the differential equation of these curves will admit the 
given group of transformatidns. If, then, we choose a system of codrdinates 
(u, v) such that the equations of the group (@) shall become w’ = u, v’ =v + a, 
the differential equation of the curves sought in this system of codrdinates will 
contain only u, dv/du, d?v/du2,.--. For example, suppose that we wish to obtain 
the projections on the ry-plane of the asymptotic lines or the lines of curvature 
of a helicoid, the axis Oz being the axis of helicoidal movement in the sliding 
of the surface upon itself. It is clear that if a curve C of the zy-plane is a 
solution of the problem, then all the curves which we obtain by making C turn 
through any angle about the origin are also solutions. The differential equation 
of these curves admits, then, the group formed by the rotations about the origin ; 
the equations of this group in polar codrdinates are p’ = p, vw =w+a. With 
the system of variables p, w, the differential equation will contain, therefore, 
only p and dw/dp (see I, § 248, 2d ed.; § 242, 1st ed.). 
* So far we have supposed the group G known. We are now led to examine 
the following problem: A differential equation being given, to recognize whether 
or not it admits one or more one-parameter continuous groups of transformations, 
and to determine these groups. This is a very important question, which cannot 
be developed here in detail. We shall limit ourselves to a few particulars. 


36. Infinitesimal transformations. Given a system of transformations on n vari- 
ables, defined by the equations : 


(100) Do Ilda ho, 2, Puce), (@=1, 2,---, n), 


where the functions f; depend upon an arbitrary parameter a, we say again that 
these transformations form a group if the transformation resulting from any 
two transformations of the system carried out in succession itself belongs to 
the system. As above, a group is said to contain the identical transformation 
if, for some value a, of the parameter, we have 


Fi (©, Lg, +++ En 5 Ao) = Xi, (i =1, 2,---, n), 


for all values of 21, 2,,+++, Zn. It may be shown, as above, that such a group is 
obtained by integrating a system of differential equations 


dxy da; dx, 
(101) 4 ln it. 
E,(Xqy Day 20%y Ly) — ba (Ly, Layee ey Ly) En (©) +++) Ly) 
Let 
(102) @, = $i (2, Lo,***y) Un 35 t), @=1, 2, +++, 0), 
be the integrals of this system which reduce to 2, &,-+++, Ln respectively 


for t=0. The relations (102) define a continuous one-parameter group, the 
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variable t playing the part of the parameter. Indeed, we have seen (§ 31) 
that the general integral of this system can be written in the form 


Po / 4 
0, (4, Lg, ***y t,) = C,, teey 
af , / 4 ad sf 
Qn —1(£1, yy +**y Ly) = On—1, Qn (Lj, Ly, °* +) Ly) = t+ Cp, 


where Q,, ,, +++, &, are n functions of the variables x;, which we have defined 
exactly. The integrals which for t= 0 take on the values 2,, £.,-+--, %, are 
furnished, therefore, by the equations 


ee SIS x,) = 0; (£1, +++, Ln), (@=1, 2,--+,n— 1), 


(103) ; ; 
Qn (By, +++) Ly) = Qn (Ly, +++, En) +t, 


which are equivalent to the relations (102). In this new form we see immediately 
that these transformations form a group. 

Let F(x, %),+++, tn) be a function of the n variables z;; if we replace the 
variables 2; in it by the functions z; given by the relations (102), the result 
F (aj, %,+++, t,) is a function of 2, %,+++, Zp, t, which for t=0 reduces to 
F(@,, %,+++, Xn). Let us consider the problem of developing this function 
according to increasing powers of t. We shall denote by F”’ the result of 
replacing 2; by 2, in F(x,, ©, +++, Z,), and we shall put 


af of 
me vee En (4; Lay°**5 si 


, 


X(f) = &(t, Xo, aes Ln) 


where f is any function of @,, %,++-+, %,. Similarly, replacing the variables 2; 
by x;, we shall put 


, , of” of 
X'(f)= £,(e4, FOO x,) — Scie &(&; Ze, see, x,)—.- 
OL, ex, 


With these preliminary definitions, we have, by the differential equations (101), 


dF’ , 4 or’ 7 4 oF’ = ’ 
or Teieaahs bes har eg cena eee de )- 


Likewise we have 


Title 
= — a F’ = baa a 4 
ae = g@lP PMN E TE (PY 
and in general 
dv F’ 
=X“ (h) (FY 
(F), 


where X’(p)(F’’) denotes the result of the operation X’ carried out p times in 
succession. Since, for t= 0, x}, w,-+++, af reduce to 2,, %,+++, @,, it follows 
that (dv F’/dt?) + is equal to X()(F), and the development of F”’ is given by 
the formula 


PGs, Ao eo) — F(e,, teey Ln) + tX (F) 


104 e 
ey. +5 XO(F) ++ 2 xO) Ee, 
. p: 


If we assume that the function F is regular in the neighborhood of the values 
1, Ly,+++, €n, the series on the right is convergent as long as |t| is sufficiently 
small. We have, in particular, 


P t. 2 4 
(105) Heats ht (XG) +5 FOE) + ae 
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Let us give to ¢ an infinitesimal value 6. Putting dt, = &; — a, and neglect- 
ing infinitesimals of higher order than the first with respect to dt, the preceding 
formule can be written in the form 


(106) Ot, =$,8t, S84, = 8, dt, +++; Bn = Endl. 


We say that these relations define an infinitesimai transformation and that X ( iy 
or S&; (@f/éax;), is the symbol of this infinitesimal transformation. To every one- 
parameter group corresponds an infinitesimal transformation, and conversely. 
If we choose at pleasure n functions, £,, &, +++, &:, Of @,, %, +++, Un, the result- 
ing expression X(f) is the symbol of an infinitesimal transformation that 
defines a continuous group whose finite equations would be obtained by inte- 
grating the system of differential equations (101). 

The introduction of infinitesimal transformations has made it possible to 
apply the methods of the differential calculus to the theory of groups. Besides, 
in many questions concerning groups it is the infinitesimal transformation 
which is concerned, as we shall see from a few examples. 

Let us consider 2,, 2,,-+-+-, Z, as the codrdinates of a point in space of 
n dimensions, and ¢ as an independent variable which denotes the time. If t 
varies, the point with the codrdinates xj, #3,---, « describes in a space of 
n dimensions a curve, or trajectory, starting from the point (#,, @, +++, &,). The 
space of n dimensions, or at least a region of that space, is thus decomposed 
into an infinite number of one-dimensional manifolds, and each point of the 
given region belongs to a single one-dimensional manifold. We say that a 
function F(z,,-+++, Z,) is an invariant of the group considered if we have 


F(x;, ae ©,) = F(x,,-++, 2n), 


whatever may be the value of ¢. It is easy to obtain all the invariants of a 
group. In fact, dividing the two sides of the equation (104) by ¢, and supposing 
F’ = F, we obtain the relation 


=1 
X(F)+ 5 X@(F) + Aa pa XO IG) see = (0), 
p! 


Since this equality must hold whatever t may be, it is necessary in particular 
that we have X(F)=0. We say, in this case, that the function F admits the 
infinitesimal transformation of the group. This condition is, moreover, suffi- 
cient ; for if we have X (F) = 0, we also have X |X (F)] = 0,---, and therefore 
X (») (F) = 0, whatever p may be. The only invariants of the one-parameter group 
are therefore the integrals of the equation X (f) = 0. 

Let us notice that if two groups have for infinitesimal transformations Y (/) 
and ILX(f) respectively, where Il (x,, @, +--, @n) is any function whatever, 
these two groups have the same invariants, even though they are not identical. 
If we apply to the same point the transformations of the two groups, this point 
will indeed describe the same path, but with different velocities. Conversely, 
if two groups have the same invariants, the two infinitesimal transformations 
X(f) and ¥(f) can differ only by a factor II (x,, %,+++, 2%) Which depends 
only upon @,, ),+++, Zn, for the two equations X(f) = 0, Y(f) = 0 must have 
the same integrals. 

We shall now introduce another important concept. Let 


(107) Ly = fie, Y; a), Gi g(x, Y; a) 
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be a continuous group in two variables. If we apply a transformation of this 
group to all the points of a plane curve CG; we obtain another plane curve C,. 


Let y’, vs +++, y™ be the successive derivatives of y with respect to x and 
Wis Yi ee y te successive derivatives of y, with respect to z,; we have seen 
(I, § 61, od sat ; § 35, 1st ed.) how to calculate these last successive derivatives 
in terms of 2, 7. y’,:::,y™. These calculations lead to formule of the form 
WyW=w,4, y'5 4), 
(108) tee = 421,45"; ) 


“4 


eee Y,Y,°*° YS; a). 


The relations (107) and (108) define also a group of transformations in n + 2 
variables, x, y, y’,--:, y™, which is called the extended group of the first. We 
shall assume this fact, the proof of which presents no other difficulties than the 
writing of rather long expressions. We shall merely show how the infinitesimal 
transformation of the extended group can be obtained. Let 


a) 7) 
re, 0 F + nla, LZ 


be the infinitesimal transformation of the given group. We can write the 
equations of this group in the form 


t 
m = +28 (e, vy) + = (eS + net) tons 


t é é 
Vio as O)) 4P = wet 12) ++ 
Ox cy 


(109) 


and from them we derive 
0 
dy + = ‘(2 — dz + — ay) + +: 
,_ ay, 


ox 
y4F= > = 
dx, t /oE = 
d dx ae 
eas — ee 


The coefficient of ¢ on the right, after expansion in a single power series, is the 
only thing we need to know. It is obtained by a division and is equal to 


on (@ ie 4) dy _ (=) (54) 

Ox oy oa] dz ey/ \dz 
The symbol of the infinitesimal transformation of the extended group is, there- 
fore, forn =1, 


E(a, ny t n(x, n)< nak + 2 — =) y= s v?| ae 
C 


The method is a general one. If the coefficient of t in the development of yo—9 
is m(a, Y, y’, +++, y*—D), we have for y™ 


dy™—¥) 4 = ar i 
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and the coefficient of ¢ on the right-hand sides 
dr — yo) (G+ Sy). 
dx ox (Oy 
Hence we can calculate step by step, to any desired value of n, the infinitesimal 


transformations of the extended groups which are obtained from the given group. 
We say that a system of differential equations 
(110) co aR a ee 
xX), 


admits the one-parameter group of transformations @ defined by the equations 
(100) if it changes into a system of the same form, 


dx; dz; da; 
Se es <= n 
(111) eo pte 
1 2 n 
when we take for new variables 2;, x3,---, 2, instead of 2, %,,+++, %n, and if 


this is true whatever the value of the parameter a@ may be. Here and below, 
the symbol X; denotes the same function of the variables x; that X; is of the 
variables z;. In order that this be true, it follows from the relation which has 
been established between the system (110) and the partial differential equation 


(liz) XN=% ++. +x, 0 


€ 
that it is necessary and sufficient that every transformation of the group G shall 
carry the equation 


- 4 , ‘fg / 6 i 
X’(f’) =, (<;, To,***s 2) 
ii i 


u 


over into a linear equation equivalent to X(f)=0 for every value of the 


parameter a. If f(x,, Z,,---, Zn) is an integral of X(f) =0, f Geyer.) 
is also an integral of X’(f’) = 0; hence, if we replace xj, ---, x, by their values 
given by the expressions (100), f’(zj, -- +, £,) must also be an integral of X(f) = 


It follows that the necessary and sufficient condition that the system of ee 
ential equations (110) admit the group of transformations G is that every trans- 
formation of that group shall change an integral of the equation X(/) = 0 into 
an integral of the same equation. 

Let 

(118) Te ee 


n 


be the infinitesimal transformation of the group G. Replacing the parameter a 
by the parameter t defined above, we may write 


7 4 t 2 
f(z, a) L,,) =f (21, Wee sitesi, Ln) sts il T(f) at 2! LEG mp oe 
If f(z,,+--, x) is any integral of the equation (112), the same thing must be 
true of f(xj,--°, £,), and consequently of 


SF (3, a) ,) —f(%, te) Ln), 
or of 


T(f) + : TTA «5 
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whatever the value of t may be. In particular, T(f) must be an integral of the 
equation (112). This condition is sufficient. For, let f,, fo, ++:,fn—1 be a system 
of n —1 independent integrals. If T(f,), T(f,),--+; T(fa-1) are also integrals, 
the same thing must be true of T(f), where f is any other integral. For we 
havey = INF fo.°-": aoe and therefore 


Sh St. = I Su=1)- 
(N= TU) + +5 
Since T(f) is an integral, the same thing is true of T[T(f)], and so on; the 
same is therefore true of f(rj, 23,++-, £,)- 


Hence, in order that the system (110) admit the group G of transformations, 
it is necessary and sufficient that, if f is an integral of X(f)=0, T(f) shall also 
be an integral. We say for brevity that the equation X(f)=0 admits the 
infinitesimal transformation T(f). 

Let us now take a differential equation of the first order, 

dx dy 
114 — = —. 
(114) ae 
In order that the equation X(f)=A@f/éx + Béf/ey=0 admit the infini- 
tesimal transformation & éf/éx + 7 af/éy, it is necessary that we have 

AMi pio, ¢4@4,2=00, 

Ox oy Ox cy 

where w(z, y) denotes an integral (other than a constant) of X(f)=0, and 
where II(w) denotes an undetermined function of w. We derive from these 
relations 


whence, 


II (w) 7 Be Ay 


It follows that 1/( Bg — An) is an integrating factor for Bdz — Ady. Conversely, 
let ¢(z, y) be a function such that its total differential is 


ae Bdt — Ady 
= An 
Then we have, simultaneously, 
) é 
X@)=A 2+ BE=0, Ty)=8 242-1, 


a 


ey ay 


hence T() is also an integral of the equation X(¢)=0. We can state this 
result as follows: 

In order that the differential equation (114) admit the group of transforma- 
tions derived from the infinitesimal transformation £éf/éx + n Of/cy, it is necessary 
and sufficient that 1/(BE — An) shall be an integrating factor for Bdz — A dy. 

This new method requires only the knowledge of the infinitesimal transfor- 
mation of the group. As there exist an infinite number of integrating fac~ 


tors, we see that every equation of the first order admits an infinite number 
of infinitesimal transformations. 
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Let us return to the general case of the@system (110). Let X(f)=0 be 
the corresponding linear equation and T(f) the symbol of an infinitesimal 
transformation. Let us consider the equation 


(115) Z(f)=X[T(f)]—-T(X(f)] = 9, 


where X[T(f)] represents the result of the operation X(_ ) applied to T(f), 
and where T[X(f)] has an analogous meaning; Z(/) is still a linear homo- 
geneous function in the derivatives of the first order @f/éx;, and it does not 
contain any derivatives of the second order. To show this, it suffices to prove 
that the coefficients of a derivative of the second order are the same in 
X{T(f)] and T[X(f)]. Now the coefficient of 02f/er? is X;é;, and that of 
OF/Cxx Ory iS XyEe + X,E; in T[X(f)], and it is obvious that these coeff- 
cients are the same in XY[T7(f)]. The equation Z(f)=0 is therefore an 
equation of the same type as the equation X(f)=0, which can be written 
in a form exhibiting the coefficients explicitly : 


a) 2)=(req)— THE +. + ere TA 4... 50. 
$e | a 


If now T(f) is an integral of the equation X(/) = 0, whenever / is an inte- 
gral of the same equation, every integral of X(/) = 0 evidently satisfies the 
linear equation Z(f)=0; we must have, therefore (§ 31), 


(117) X[T(S)]— TLL (P)] = py, Loy +++) Un) XP), 

‘vhere p is an undetermined function of 2), %,+++, . Conversely, if we have 
an identity of this form, every integral of the equation X(/) = 0 satisfies also 
the equation X[T(f/)]= 0, and therefore T(/) is also an integral of the equa- 
tion X(f)=0. The necessary and sufficient condition that the linear equation 
X(f) = 0 admit the infinitesimal transformation T(f) is expressed by the relation 
(117), where p is any function of &,,&.,+++,%n. That relation is equivalent to 
the (n — 1) distinct relations 


X(h)— T(X) _ X&)— TX) > _ XG)— TH) 


x, AG Xn 
Given a differential equation of the nth order, 
avy dy dy es) 
(118) aes = o(s, Y; ds ’ da? , ’ Aga! ’ 


in order to determine whether it admits the group of transformations deduced 
from the infinitesimal transformation (x, y) éf/éx + n(x, y) af/éy, we need only 
replace the equation (118) by a system of n differential equations of the first 
order, taking for the auxiliary dependent variables the first (n —1) deriva- 
tives y’, y”,-++, y@-), and then determine whether this system admits the 
infinitesimal transformation of the extended group of G. 

Let us consider, for example, the equation of the second order y” = $ (x, y, y’), 
which may be replaced by the system 


Ge aly dy’ 
1 yY ¢(@,4,¥) 
or by the linear equation 
- BOT i 0 ? 
xa tty +2 seny). 
OL oy 
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{t will be necessary to determine whether this equation admits the infinitesimal 
transformation 
of he ee WO AN OR NE 
0) H+ ne, w+ [4 (4-S)y—- Sy Z. 

On carrying through the calculations, we find a condition which contains «, y, 
and y’, and which must be verified for all values of these variables, The equa- 
tion of the second order being given, if we wish to find the infinitesimal trans- 
formations which it admits, we have at our disposal the unknown functions 
&(x, y), n(x, y), which do not contain y’. Writing the condition that the preced- 
ing relation is independent of y’, we may have, according to the given function 
(x, y, y’), @ limited or unlimited number of equations which must be satisfied 
by the functions é(a, y) and n(«, y). In general these equations will be incom- 
patible, and we see that an equation of the second order, taken arbitrarily, 
does not admit any infinitesimal transformation. The same thing is true of 
equations of higher order, and it is seen from this how Sophus Lie was able to 
classify differential equations according to the number of independent infini- 
tesimal transformations which they admit. 


in} 


EXERCISES 


1*, Let M, be the greatest absolute value of f(x, y,) when z varies from z, 
tot +a. If the letters a, b, K, 2), y) have the same meaning as in § 30, the 
integral of the equation y’ = f(z, y) which takes on the value y, for z = g, is 
continuous in the interval (x), £2) + p), where p is the smaller of the two numbers 
a and log(1+ Kb/M,)/K. 

[E. Linpexér, Journal de Mathématiques, 1894.] 


[The inequalities 


x — £,)" 
|Yn— Yas] < MyKe-2 2 0" 
nr: 


are established step by step, as in § 27, and y, will remain between y, — b and 
Yo + 6, provided that we have e€@-*) <1+ bK/M).] 


2. Find two first integrals of the simultaneous systems of differential 
equations 


d / 7 ag dz 4 
(@) Ete My-Y@2=0, Atv@u+e@e=o, 
La oe _ 2% _ 
(8) CaO oe ee 


(7) dy dz Se 
y@+y) (@—y)@r+2y+2) x(wty) 


3. The expression 1/[y — af(y/zx)] is an integrating factor for dy — f(y/x) az. 


4. The general form of the differential equations of the first order which 
admit the infinitesimal transformation y af/éx — waf/dy is 


ry — y 


x2 2). 
eT f (x? + y?) 


Deduce from this an integrating factor. 


ys 
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5. Find the general form of the differential equations of the first order which 
admit the infinitesimal transformation @f/éx + x (@f/éy) ; the infinitesimal trans- 
formation x (é@f/éx) + ay (@f/oy). 

6, Find a group of transformations for the differential equation 

dy 
—= ¢(@#+ a 
wet Y), 
where a is constant, and deduce from it an integrating factor. 
7*, The differential equations of the elastic space curve, 
Ba —_ Tie = bx’ — 3 By, 
22" — v2” = by’ — $B, 
ise — Wee = 62’ a Qa, 
where a, 8, 5 are constants, possess the two first integrals 7 + y? + 22=0C, 


B(a? + y?)— 42 =C’. We then obtain « and y by the integration of a differ- 
ential equation of the second order. 


[Hermire, Sur quelques applications des fonctions elliptiques (p. 98).] 


_- 


CHAPTER III 


LINEAR DIFFERENTIAL EQUATIONS 
I. GENERAL PROPERTIES. FUNDAMENTAL SYSTEMS 


Linear differential equations have been studied more thoroughly 
than any other class. They possess a group of characteristic proper- 
ties which distinguish them sharply and at the same time simplify 
their study. Moreover, they appear in a great number of important 
applications of Analysis, and a preliminary study of them is very 
useful before undertaking the study of differential equations of the 
most general form. Except when otherwise expressly stated, we 
shall study here only those equations whose coefficients are analytic 
functions of the independent variable. 


37. Singular points of a linear differential equation. A linear differ- 
ential equation of the mth order is of the form 


d"y ema?) dy 
(1) rene ty ey ee T+ Oya Fe OY + Ons = 9, 


G4) Gy ***y G41 being functions of the single variable x. Its inte- 
gration is equivalent to that of the system 


dy, 3 
an sh ae Sea + O53 9) OY Sn 43 = 0, 
2 
©) dy dy - WY n—a 
ie eas ak eee 


obtained by taking for auxiliary dependent variables the first » —1 
derivatives of y. Let us suppose that the coefficients a; are analytic 
in a circle C, with the radius R and with its center at the point x,, 
and let ¥, %, Yoor'*, Ys be a system of m arbitrary constants. 
Applying to the equations (2) a general result established above 
($ 23), we see that the equation (1) has an integral analytic in the 
circle C,, taking on the value y, for x=«a,, while its first n—1 
derivatives take on respectively the values Yj, Yj, +++, yS—» for x = &,. 

We know also, from the general theory, that it is the only integral 
of the equation (1) satisfying these initial conditions; we shall say 
for brevity that it is defined by the initial conditions (@,, ¥,, ¥, ¥0; 

100 
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-+, yf»). Let us now suppose at first, for definiteness, that the 
coefficients @; are single-valued functions of 2, having in the whole 
plane only isolated singular points. Let Z be a path joining two 
non-singular points #, and X, and not passing through any singular 
point; the integral which is defined by the initial conditions (x,, y,, 
Yo, +++, YS) 1s represented by a power series P (a — a) convergent 
in the circle C, with the center x, and passing through the nearest 
singular point to 2. We can follow, by means of this series, the 
variation of the integral along the path Z as long as the path does 
not go out of the circle C,. If the path LZ leaves the circle C, at a 
point a, let us take a point #, on the path within the circle C, and near 
enough to @ so that the circle C, with the center x, passing through 
the nearest singular point does not he entirely within the circle C,. 
From the series P(« — x,) and from those which we obtain by suc- 
cessive differentiations, we can derive the values of the integral and 
of its first » — 1 derivatives at the point #,. Let y,, yj,+++, y@~» be 
these values; the integral of the equation (1), which is defined by 
the initial conditions (x, y,, yj, +++, y{"~»), is represented by a power 
series P(x — x,) convergent in the circle C,. The values of the two 
series P(# — x,) and P,(# — x,) are equal in the part common to the 
two circles C, and C,, since they each represent an integral of the 
equation (1) satisfying the same initial conditions. It follows that 
the series P,(~ — x,) represents the analytic extension in the circle 
C, of the analytic function defined in the circle C, by the series 
P(x —a,). If all of the portion of Z included between x, and X 
does not lie in the circle C,, we shall take a new point ~, on the path 
within C,, and so on as before. 

At the end of a finite number of operations we shall certainly arrive 
at a circle containing the point X. In fact, let S be the length of 
the path Z and 8 the lower limit of the distance of any point of ZL 
to the singular points. The radii of the successive circles used are 
at least equal to 8, and we can choose the centers of these circles in 
such a way that the distance between two successive centers is greater 
than 8/2. After p operations the length of the broken line obtained 
by joining these successive centers will be equal to at least 8/2. 
If we have 8/2 > S, the length of the broken line will be greater 
than the length of Z. Hence, after at most (p —1) operations, we 
shall have arrived at a circle containing all of the portion of Z included 
between the center of that circle and the point X. 

Recapitulating, we see that we can continue the analytic exten- 
sion of the integral as long as the path described by the variable 
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does not pass through any of the singular points of the coefficients @;. 
We know, therefore, a priori, what‘are the only points which can be 
singular points for the integrals of a linear equation. It may, how- 
ever, happen that a point a is a singular point for some of the coeffi- 
cients a; without being a singular point for all the integrals. In the 
particular case where the coefficients are all polynomials or integral 
functions, all the integrals are analytic functions in the whole plane ; 
that is, they are integral functions and they may reduce to polynomials. 


The reasoning may be extended also to the case where the coefficients a; have 
any singularities whatever, it being possible for these functions to be multiple- 
valued. If we start from a point 7), where these coefficients are analytic, and if 
we cause the variable x to describe a path L, along the whole length of which 
we can continue the analytic extension of the coefficients a;, we can like- 
wise continue the analytic extension of the integrals along this path. The power 
series which represent the integrals are convergent in the same circles as the 
series which represent the coefficients. 

These results are entirely in accord with those which we have deduced from 
the method of successive approximations (§ 28). 


38. Fundamental systems. Let us consider a linear equation which 

is also homogeneous, that is, not containing a term independent of y, 
a” a 1 

ee ee ee 

dz 


1 dy: 


3) FM= 


where F’(y) denotes no longer a function of the variable y but the 
result of an operation carried out on a function y of the variable z. 
From the definition of this symbol of operation it is clear that, if 
Yy Yor **y Yp are any p functions of x, and C,, C,,---, C, any con- 
stants, we have the relation 


BCC Ya CoY_ + Stak: Cy Yp) = CLF (\) = 3 C.F (y,) Betws amore ACA 


TE “1 Yp are integrals of the equation (3), then C,y, + Cyy, + 
--» + C,y, is also an integral, whatever the numerical values of the 


dz et 


constants C; may be. If we know » particular integrals ¥,, 7,, «++, J, 
of the equation, we can therefore deduce from them an integral 
(4) y a CY, 73 Coys + Pay ar CL. ns 


in the expression of which appear n arbitrary constants C,, C ee ee 
We cannot conclude from this that the expression (4) really rep- 
resents the general integral of the equation (3); we must first assure 
ourselves that we can dispose of the constants C,, C,,-++, C, im such 
a way that, for a particular value a, of x, different from a singular 
point, y and its first nm —1 derivatives take on any values given in 


II, § 38] GENERAL PROPERTIES 103 


advance. For the sake of brevity, let wis indicate by (y?), the value 
which the pth derivative of the particular integral y,; takes on at the 
point a. Setting the values of the integral y, and of its first n — 1 
derivatives at the point 2,, equal to these arbitrary quantities, we 
obtain a system of n linear equations to determine the constants C,, 
Cy, +++, C,. The determinant of the coefficients of these unknowns 
must be different from zero. We shall denote by A(y,, yy) +++; Yn) 
the determinant whose elements are the functions Vey Yay Vis 
and their derivatives up to those of the (mn — 1)th order: 


Y, Y se UR 

n Yo 102 Yn 
©) AGrte > H)=l 

Visca? te syee) 


If this determinant, which is an analytic function of z in the whole 
region in which the coefficients a, are analytic, is not identically 
zero, let us choose for x, a point where this determinant is not zero. 
We can then determine the constants C, so that y and its first n — 1 
derivatives take on any initial values whatever for x. Every inte- 
gral of the equation (3) is therefore included in the formula (4). 
We say, for brevity, that this formula represents the general inte- 
gral of the equation (3). The integrals y,, y,, +++, Y,, such that 
the determinant A(y,, y,,---,¥y,) is different from zero, form a 
Jundamental system. : 

If this determinant is identically zero, some of the integrals y,, y,, 

-, ¥, can be deduced from the others. We shall say, in general, 
that n functions y,, ¥,,+++; Yn of the variable x are not linearly 
independent if there exists between these n functions an identity of 
the form 


(6) CY, + Coy, + ey ahs C Un = 0, 


where C,, C,,-+-, C,, are constants not all of which are zero. In order 
that n functions Yj, Yo»+**> Yn Shall not be linearly independent, it 
is necessary and sufficient that the determinant A(Yy) Yg>*+*) Yn) be 
identically zero. 

The condition is first necessary. For from the relation (6) we 


obtain the n —1 relations of the same form, 
(7) Cry? ihe Coy? ef aae f= Cue = 0, (p = ils 2, Seige = 1) 


between the derivatives of the first order, of the second order, etc., 
of the functions y, Since the coefficients C, are not all zero by 
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hypothesis, the equations (6) and (7) cannot be consistent unless 
the determinant A(y,, ¥,,+* +) Yn) 18 identically zero. 

Conversely, suppose that A = 0, and suppose first that all the 
first minors of A relative to the elements of the last row are not 
identically zero, for example, that the cofactor of y/*~”, 


Y, Yo ial pose 


, 4 / 
5 oe 1 Y2 oe nas 
Ur aaa eee We 2) 


is different from zero. Let A be a region of the plane of the variable x 
where the functions y; are analytic and where this determinant 8 
does not vanish. Let us put 
Yn = Ky, + Ky, cs er ay 1Yn-19 
(8) Yn = Ky; + Kay, oe ae ce 1Yn—1> 
te yt > oe Kage ee om =. ae. 
These n — 1 equations determine K,, K,,---, K,_, as analytic func- 
tions of x in the region A, since K; is the quotient of an analytic 
function divided by the minor 6 which is not zero in A. These func- 
tions K,,---, K,_, satisfy also the relation 


(9) Sa — Do aa =i Kye” 55 SIGS == ore ys 7, 
since A(y,, Y,,*+*, Yn) 18 zero at every point of A. Differentiating 


once each of the equations (8), and taking account of these same 
relations and of the relation (9), we find 


ae oo ee 1Y2n— = 9 


Ky pie ae es Kr Ye? —_ 0, 


and consequently Kj = K;=---=K,_,=0. The functions K,,---, 
K,,_, are therefore constants, and we have indeed a relation of the 
form (6) between the n functions y,, y,,---, y,, Where all the coeffi- 
cients are constants and the coefficient C, is different from zero. 
Since this relation has been established in the region 4A, it follows, 
by analytic extension, that it holds in any region in which the func- 
tiONS ¥,, Yo) °* +> Yn CXiSt and are analytic. 
It will be noticed that the minor 6 is precisely equal to 


AY) Yo nn Wo 9: 
If this minor 8 is identically zero without A(y,, y,, +++, Y%—2) being 
also zero, a similar argument would show that the functions y,, VY) 
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+++, Y,—1 Satisfy a relation of the forut (6), where 0, = 056-740 
Continuing in this way, we shall therefore surely arrive at a relation 
of the form (6), in which some of the coefficients may be zero. If, 
therefore, we know n integrals of the equation (3) such that A(y,, ¥,, 

-,¥,) = 9, one at least of these integrals is a linear combination 
with constant coefficients of the other integrals. It may also happen 
that these n integrals reduce in reality to p independent integrals 
[p<n-—1}. In order that this may be the case, it is necessary and 
sufficient that all the determinants analogous to A which can be 
formed with p +1 of these integrals shall be zero, one at least of 
the determinants formed with p integrals being different from zero. 

The same lemma enables us also to prove that the general integral 
of the equation (3) is represented by an expression of the form (4). 
For, let (y,, ¥,,-++, y,) be a fundamental system of integrals, and y 
any other integral. From the (n +1) equations 


Fiy) = 9, F(y,) = 9, * n9 F(y,) = 0 

we derive, by elimination of the coefficients a,, a,,---+, @,, an equation 
of condition which is no other than 

(10) AY, Y 49 Yor 2 oS Yn) art) 
We have, therefore, between these m + 1 integrals, a relation of the 
form 
Cy + Cres ek CrYn = 9, 
where C, C,, C,,--+-, C, are constants not all of which are zero. 
Finally, C, the coefficient of y, is certainly different from zero, since 
the integrals y,, y,,---, y, are linearly independent. 


Every linear equation of the nth order has an infinite number of funda- 
mental systems of integrals. In order to obtain such a system, we need only 
take n integrals such that the determinant formed from the initial values of 
these n integrals and their first n —1 derivatives for a non-singular point 
Zy is not zero. If (y,, Y¥2,+++, Yn) is a first fundamental system, the n integrals 
Y,, Y2,--+, Yn, given by the equations 


Yi = ciyi + Ci2ye t+ +++ + CinYny (i= 1, 2,--+, n) 


where the coefficients cj. are constants, form a fundamental system, provided 
that the determinant D formed by the n? coefficients cy, is different from zero. 
We have, in fact, by the rule for the multiplication of determinants, 


A(Y,, Kas Yn) = DAY, Yos°**, Yn). 


It follows from this relation that the quotient [dA(y,,---, Yn)/dx]/A is the 
same whatever may be the fundamental system. We shall verify this by cal- 
culating this quotient. For this purpose let us observe that the derivative of a 
function F(z) is equal to the coefficient of h in the development of F(x + h) in 
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powers of h. If we give to z an increment h, and if we replace each element. 
of the determinant A by its development, retaining only the terms of the first 
degree in h, we obtain the determinant 


Y, + hy; Yot hy, +: Y, + hy, 
yy + hy ygthyy +s y, + hyy 


ye) + hy yE—D + hy --- yD + hy | 
The coefficient of h is the sum of n determinants which are obtained by tak- 
ing the coefficients of h in any row and the terms independent of A in the other 
rows; n—1 of these determinants, having two rows identical, are zero, and 
there remains 


Y, Yo ++ Un 
CAG) Pat SO PET) Se et er ae, 
dz “2 <> ae y*-D | 

y y ae y™ | 


This result is true, whatever the functions y,,---, y, may be; if these func- 
tions are integrals of the equation (3), we can replace y" in the last row by 
— CY eee —++-—aQ,Y,, and similarly for the others. There remains, after 
developing with respect to the elements of the last row and taking account 


of the determinants which have two rows identical, 
dA 


(14) = 


—a,A. 


The quotient which we wish to calculate is therefore equal to — a,, and we 
derive also from the preceding result the value of the determinant 


where A, denotes the value of A for r=2,. This expression for A shows that 
this determinant is different from zero at every non-singular point, if it is not 
identically zero —a result which we could also have obtained from the preceding 
properties. 

It should be noticed that every linear equation of which a fundamental 
system of integrals is (y,, y,-+-, Yn) can be written in the form (10) 


Aly, Yys Yor tees Un) — 


the coefficients containing only the integrals y; and their derivatives. This 
shows that any n linearly independent functions y,, y.,---, y, can always be 
regarded as forming a fundamental system of integrals of a linear equation. 


39. The general linear equation. A non-homogeneous linear equation 
can be written in the form 
d"y aly dy 
(12) Ry) == oe + eee +---+a,_, = +a,y =f(2), 


where the term independent of y has been isolated on the right-hand 
side. We shall also consider the equation formed by replacing f(z) 
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by zero; the resulting equation, /’(y) £ 0, is called the corresponding 
homogeneous equation. If we know a particular integral Y of the 
equation (12), the substitution y= Y+2z reduces the integration 
of that equation to that of the homogeneous equation F(z)= 0 by 
the identity F(Y¥+z)= F(Y)+ F(z). The general integral of the 
non-homogeneous equation is therefore represented by the expression 


(13) i oe Piet: CY, = Cy, cine ite Cas 
where ¥,, ¥,,+**, Y, are a fundamental system of n particular inte- 
grals of the homogeneous equation, and where (,, C,,---, C, are 


nm arbitrary constants. It often happens in practice that we can 
easily obtain a particular integral of a linear non-homogeneous equa- 
tion, and in this case we are led to the integration of the homogeneous 
equation. The search for a particular integral is facilitated by the 
following remark, which we need only state: If f() is the sum of 
p functions f,(x), f,(”),---, f,(@), such that we know how to find a 
particular integral of each of the equations 


FY) =A@> FW=h@ 5 FWO=h@) 
sl 
the sum Y,+ Y,+---+ Y, of these p particular integrals is an 
integral of the equation F(y)= f(z). 

In general, if we know the general integral of the homogeneous 
equation, we can always obtain by quadratures the general integral 
of the non-homogeneous equation (supposing, of course, that the 
left-hand side is the same for the two equations). 

The following process, due to Lagrange, is called the method 
of the variation of constants. Let (y,, ¥.,°++, Yn) be a fundamental 
system of integrals of the equation F(y)=0. Imitating as much 
as possible the process employed for a linear equation of the first 
order, we shall seek to satisfy the equation (12) by taking for y an 
expression of the form 

(14) Y = Cy, + Ceyg te F Onn 
where C,, C,,-+-, C, denote m functions of «. We can evidently 
establish between these n functions n —1 relations chosen at pleas- 
ure, provided that they are not inconsistent with the equation (12), 
If we put 

Y,Ci+y,Co#-: A inten 
Ox oe -+ es = 0, 
(15) Yn —- Y2U Z + * Yy, 
; af eee, 
uf DCL + us DO, bet yf-PCE = 0, 
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the successive derivatives of y up to the (n —1)th derivative have 
the values 


a 1M + Co¥2 + - + Oy, 
(16) y= Crys +O OP Cate 

oye: Cy iy ite Hore; 7 Cy", 
The first of the relations es has been chosen in such a way that 
the first derivative y' has the same expression as if C,, C,,--++, C, 


were constants, and similarly for those that follow. The desventare 
of the mth order has a less simple form : 
f= Cry P+ OLY Ph ae iy 
Hype hee Teh wee 
Substituting the preceding values of y, 7’, y",.--, y™ in the left-hand 
side of the equation (12), the coefficients of C,, C,,---, C, are re- 
spectively F(y,), F(y,), +++; ¥ (Yn), and we are led to the new relation 


(15") ff Ci + Ys CE + + byf PC, =f); 


which, together with the relations (15), enables us to determine 
Ci,-++, Cy. We can therefore find C,, C,,---, C, by quadratures. 


We can also make use of the following method, due to Cauchy. 

Let (¥1,; Yo, °+*; Yn) be a fundamental system of integrals of the equation 
F(y)=0. Let us determine the constants C,, C,,---, C, so that the integral 
CY, +--+ + CrYn and its first n — 2 derivatives all vanish, while the (n —1)th 
derivative reduces to unity for a value a of x. The integral ¢ (x, @) thus obtained 
depends, of course, upon the variable « and also upon the initial value @, and 
satisfies the n conditions 


(17) ¢(a, a) =0, SACs di) =O, Die CeO) ON fewnee OS _Dila aos. 


where ¢‘”) (a, a) denotes the pth derivative of ¢(x, a) with respect to z for the 
value «=a. If we replace @ by z in the preceding relations, which amounts 
to a simple change of notation, they can also be written in the form 


(Ta) Pi ( C1 = Omen ( eget) ea Oe ig GPa (a ts) — 0. Ga. e) ke 


where °) (x, x) denotes now the pth derivative of ¢(x, a) with respect to a, in 
which we have replaced @ by @ after the differentiation. With this under- 
standing let us consider the function represented by the definite integral 


(18) ae if “$ (a, a) f(a) da 


with an arbitrarily fixed lower limit 2). Applying the general formula for 
differentiation, and taking account of the conditions (17’), we find successively 
x y, qn—1 ¥ 
=f @a)flajda, --, T= ale $"-D (x, a) f(a) dx, 

: any 


an fo (t, a) f(a)da + f(x). 
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Substituting these values of Y, Y’,---, ¥' oFin F(Y), we find 
F(Y) =f(e) + ico (@, @) + a dM-D(a, a) + +++ + and(a, @)] f(a) da. 


The function under the integral sign on the right is identically zero, since ¢ (a, @) 
is an integral of corresponding homogeneous equation, whatever may be the 
value of the parameter a. From this it follows that the function Y represented 
by the definite integral (18) is a particular integral of the non-homogeneous 
linear equation. It will be noticed that this integral, as well as its first (n — 1) 
derivatives, is zero for the lower limit 2), which. is supposed different from a 
singular point.* 

The application of this method to the equation dy/den =f (x) leads to 
precisely the result obtained above (§ 18). 


40. Depression of the order of a linear equation. If we know a certain 
number of particular integrals of a linear equation, we can make use 
of them to diminish the order of the equation. Let us consider first a 
homogeneous equation of the mth order, and let y,, y,, +++, Yp, (p< ) 
be linearly independent integrals of that equation. The substitution 
Y = Y,2, where z indicates the new dependent variable, reduces the 
proposed équation F (y) = 0 to a new equation of the same type in 
z, for the expression for any one of the derivatives d?y/dz? is itself 
linear with respect to 2 and to its derivatives. If y, is an integral 
of the equation F(y)= 0, the new equation in z must have z=1 
for a solution, which requires that the coefficient of z shall be zero; 
this fact is verified at once by calculation, for the coefficient of z is 
precisely F(y,). The equation in z is therefore of the form ; 

d"z eae dz 
Vi aa a rl Pexremear yw lee eee 


1 gn —1 DN hs 


(19) =0, 


*Tt is easy to verify that the method of the variation of constants and Cauchy’s 
method lead to the same calculations. In fact, the function ¢ (x, @) of Cauchy is of 


the form (a, X) = by (B) yy (@) + Pa (A) Yo (@) + +++ + On (BX) yn (2), 


where the functions $;(@) are determined by the conditions 


$1 (4) 94 (@) +. 4 Pa \E)Ya (a) =0, 


(A) r (@) 2 yor? eee ea) (aya ue 
$4 (@) y —Y (B) + + bn (&) YP (@) = 


and the particular integral (18) has the value 
x2 a 
Y=; (0) fe (@s(@ dat -+n(2) { dn(OF(@ da. 
Zo nai) 


But if we compare the conditions (A) with the relations (15) and (15’) which deter- 
mine the OF in the method of the variation of constants, we see at once that we have 
GC, (x)= i (2) f(x), and therefore the first method gives us a yarticular integral by 


the same quadratures. 
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where B,, b,,-++,5,-; are functions of.2. This equation reduces to 
a linear equation of order n — 1, 
CRY rata) 
(20) Up aqat ty gaan Fe ete ©, 


by putting wu = dz/dx. If y,, y,,+++; Yp are p integrals of the equa- 
tion from which we started, the equation (19) has the p — 1 integrals 
Y/Y ***s Yo/Yy) 2nd therefore the equation (20) has the integrals 


a [Ys Lae Ay 
da\y,]? ? de a 


These p —1 integrals are linearly independent; otherwise there 
would exist a relation of the form 


ah NOP d [Yp 
sea Ld ae ne 20 
Calg) + Grae) =° 


where C,, C,,---, C, are constants not all of which are zero, and we 
could conclude from it, by integration, the existence of a relation of 
the same form, C,y, + ---+ C,¥% + Cy, = 0, where C, is a new con- 
stant. If p > 1, the application of the same process leads from the 
equation (20) to a new linear equation of order m — 2, and so on. 
The integration of a linear homogeneous equation of which p inde- 
pendent particular integrals are known reduces, therefore, to the inte- 
gration of a linear homogeneous equation of order n— p, followed by 
quadratures. When p= n—1, the last equation will also be inte- 
grable by a quadrature. 

Sinilarly, if we know p integrals, y,, ¥,,++-+, Yp) of a non-homoge- 
neous equation, such that the p — 1 functions 


Y.— Yy> oe Yn Yy 
are linearly independent, the substitution y = y, + 2 leads to a homo- 
geneous equation having the » —1 integrals y,—y,,---, y%—y, 
It is therefore possible to reduce this equation to a linear homogene- 
ous equation of order n — p +1. 
Consider, for example, the linear equation of the second order, 


dy, dy 
(21) FY) =Gatreg, tw=% 
and let y, be a particular integral of this equation. If we put Y = Yi) 


we find 


dy dz dy dy —s dz dy, dz d*y, 
de oh dig Wye ge ee 


? 
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. . . . 2 . 
and, substituting in the equation (21), we find, since the coefficient 
of z is zero, 


az da dz 
(22) 5 (2 a Pn) = = 0. 


Putting dz/dx = wu, this equation can be written in the form 
du dy, )S me 
= +(2 rs + py, 7, =0; 

whence, by integration, 


Logu+ [pas + Log yf = Log c, 


or 


=e 


A second quadrature will give z and consequently y. We see that 
the equation (21) has the integral y, given by the expression 


(23) oe Y= nf a gi 
z, Yi 
which is independent of y,. The general integral of a linear homo- 
geneous equation of the second order is therefore obtained by two quad- 
ratures when we know a particular integral.* 

This property is a mark of similarity between the linear equation 
of the second order and Riccati’s equation ($7). There exists, in 
fact, a very close relation between these two kinds of differential 
equations. If we depress the order of the homogeneous equation (21) 
by the process of § 19, by substituting 


= ft 


Y ’ 
we are led to a Riccati equation, 
(24) zi+2+pe+q=0. 


* We can derive from these results a very simple proof of an important theorem 
of Sturm. Let us suppose that the coefficients p and g are continuous real functions 
of the real variable x in the interval (a, b), and let x9, 7, be two consecutive zeros of 
a particular integral 7 (x) in the interval (a, 0). If y2(x) is another particular inte- 
gral independent of y1(x), the formula which gives u can be written 


ae live 
da \y1/ Vi 

which shows that the quotient y2/y, varies always in the same sense when « increases 
from 2% to x1. Now this quotient is infinite for c= xy and for x=2,; hence it constantly 
increases from —# to + or decreases from + to—. The equation yo(x)=0 has 
therefore one and only one root in the interval (xo, £3). 
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Conversely, any Riccati equation he 
(25) u'+au?+bu+c=0, 
where a, 6, ¢ are functions of (a # 0), may be reduced to the 


form (24) by putting wv = z/a, which transforms (25) to an equation 
of the form (24), 


: 
f+ 2t(b—“)etac=0. 
a 


It follows that the general integral of the equation (25) is 
1C y+ Coy; 
(26) pees ead 
a CY, + Coy 


where y, and y, are two independent integrals of the linear equation 


' 


yl + (0 — a + acy = 0. 


This expression really contains only a single arbitrary constant, that 
is, the quotient C,/C,, which appears in it to the first degree.* 


Example. Legendre’s polynomial X, (I, § 90, 2d ed.; § 88, 1st ed.) satisfies 
the differential equation 


dy dy 
(27) (l— a?) (5 2a7 + n(n +l)y=0. 


* It would seem that a quadrature might be necessary to derive the general 
integral of the linear equation (21) from the general integral of Riccati’s equation 
(24). In reality this is not the case, or, rather, the quadrature reduces to the caleula- 
tion of fp dx. In general, let z= (x, C) be the general integral of a differential 
equation of the first order, dz/dz=/ (x, z). From the relation 


00 ae 
Seat?) 


we derive, by differentiating with respect to the constant C, 


ep af do | af _ (1,29). ; 
a0 dx op OC ap ax\ 8 3C 


From the last equation we find f (f/2¢) dx = Log (€¢/éC), where, of course, the 
same value of the constant C' is to be understood in the two sides of the equation. 
Applying this to Riccati’s equation (24), if z= (x, C) is the general integral of that 
equation, we conclude that 


2 fzae+ f'p de +tog (EF) =o. 
\ae 


If 21, 2, 23 are three integrals of the equation (24), on carrying out the calculation 
(see § 7) we find that the general integral of the linear equation (21) has the form 


ae fp dx (23 — 21) + C2 (25 — 29) : 
V (2 — 22) (2 — 2s) (23 — 2) 


y 
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To prove this it suffices to notice that, by putting u = (w2— 1)”, we have the 
relation («? —1)u’ = 2nau, and by taking the (n + 1)th derivative of the two 
sides we have an equation which is identical with the equation (27) when we 
replace d™u/dx” in it by y. In order to obtain a second particular integral of 
the equation (27), we shall apply the general formula (23) with p equal to 
2a/(a* —1) =1/(@+1)+1/(x— 1); this gives 


dz 
9 og pate 
a f (a? — 1) X2 


It might seem necessary to know the n roots, a, @, +++, Gn, of the polynomial 
A, in order to calculate this integral, but this is not the case. For, let us write 
the integrand in a form which exhibits the simple fractions which come from 
the roots + 1 and — 1 of the denominator: 


eee! ( 1 1 ) Pa 
(a2—1)x2 2\e—-1 a+1)° xX? 
where P, is a polynomial of degree 2n — 2, the quotient obtained by dividing 
i— X7 by 2? —1. It follows that 


x—1 IP, 
ia 5 Xa Log (- : *) ae X. [at 

This last integral is a rational function, for if it contained a logarithmic term 
such as Log (x — aj), the point a; would be a singular point for y,, and the inte- 
egrals of the equation (27) can have no other singular points than « = + 1 (§ 87). 
We can therefore calculate this integral by rational operations (I, § 104, 2d ed..; 
§ 109, 1st ed.). Since the integral must be of the form Q,-1/Xn, where Qn -1 
may be taken as a polynomial of degree not greater than n — 1, we can deter- 
mine the coefficients of this polynomial, for example, by the condition 


Q,-1 Xn = Qn—-1Xn = Lig 


Haying once obtained the polynomial Q, 1, we may write the general integral 
of the equation (27) in the form 


afi e—1 
= nak MSE AT ; 
y Cn + 0,/ +5 o¢(-—)| 


41, Analogies with algebraic equations. The preceding properties establish an 
evident analogy between the theory of linear differential equations and the 
theory of algebraic equations. This analogy persists in a large number of 
questions. As an example of this we shall show how we can extend to linear 
equations the theory of the greatest common divisor. In general, let 


dy dr—-ly 
° dan ga" agent 


LGN = tere ta ge + Any 

y) = 4 Sir nm—1 Alp nm 

be a symbolic polynomial where dp, @,,-+++, Gd, are given functions of 2. If a 
is not zero, we shall say for brevity that f(y) is of the mth order. If G(y) is a 
symbolic polynomial of the same nature and of the pth order, it is clear that 
G[F(y)] is again a symbolic polynomial of the same kind and of the (x + p)th 


order. Let now 


dmy dm—ly 
Fy) = Os +b, 


dy 
Bae i OG 
ree + + bm -1 de + Omy 
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be another polynomial of order m(m==n). We can find a third polynomial G (y) 
of order n—m such that F(y) — G@[F,(y)] is at most of order m —1 (a poly- 
nomial of order zero is of the form ay, where a is a function of x). Let us put 


qdr-—my dr-—m—-ly 
9 dan—m 1 dze-—m-1 


G(y) = ee ee 


The coefficient of dy/da” in G[F,(y)] is \9b), and if we take \, = a,/b,, the 
difference F(y) — \,d"-™([F,(y)]/da*—™ will be at most of ordern—1. Let ay 


be the coefficient of d"-1y/dx"—1 in this difference. If we take \, = aj/bg, the 


difference 
qu-m qr-m— 1 


Le) — 4 = [Fy (y)] 


F(y)—» lagn-—m-1 


9 dgn—m 


will be at most of order n — 2. Continuing in this way, we see that we can 


determine, step by step, the coefficients \,, \,,++-, An—m in such a way as to 
obtain an identity of the form 
(28) Fy) — G[F,Y)]= FL), 


where F, (y) is at most of order m—1. This operation is entirely analogous to 
the division of one algebraic polynomial by another. 

Now suppose that we wish to obtain the integrals common to two linear 
equations 


(29) Ey) —=0; Ey) — 0: 


The identity (28) shows that these integrals are the same as the integrals 
common to the two equations F,(y) = 0, F,(y) =0. If F,(y) is not identically 
zero, the same operations can be repeated on F,(y) and F,(y), and so on 
until we arrive at two consecutive polynomials, F,_1(y) and F;(y), such that 
Fy-1(y) = Ge_-1[Fe(y)]. This last symbolic polynomial Fy (y) is the analogue 
of the algebraic greatest common divisor: all the integrals common to the two 
equations (29) satisfy the linear equation Fx (y) = 0, and conversely. If Fy (y) is 
of the degree zero, the two equations have no other common integral than the 
trivial solution y = 0. 

If in the relation (28) F,(y) is identically zero, the equation F(y) = 0 has 
all the integrals of F, (y) = 0. Conversely, in order that F(y) = 0 shall have all 
the integrals of F\(y) = 0, it is necessary that F,(y) be identically zero, for a 
linear equation of order not greater than m—1 cannot have all the integrals 
of a linear equation of the mth order. Hence in this case we have identically 


Fy) = G[F\y)], 


and if we put F,(y) = z, the integration of F(y) = 0 is reduced to the successive 
integration of the two linear equations 


G(z) = 9, VERO 


of orders n— m and m, of which only the second is non-homogeneous. 

We can deduce from this observation another solution of a problem already 
treated. Suppose that we know p independent integrals Yrs Yor? **> Up (Pp <n) 
of F'(y) = 0. We can form a linear equation of the pth order having these Pp 
integrals (§ 88). Let F,(y) = 0 be this equation of the pth order; then we have 
identically F(y) = @[F,(y)], and if the equation @(z) = 0 of order n — p hag 
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been integrated, we can integrate F,(y) =% by quadratures alone, since we 
know the general integral of F\(y) = 0. The reduction is the same as by the 
first method, but the new process is more symmetric. 

Appel, Laguerre, Halphen, E. Picard, and many others after them have ex- 
tended to linear equations the theory of symmetric functions of the roots, the 
theory of invariants, and the very fundamental work of Galois relative to 
the group of an algebraic equation. The theory of invariants is founded on the 
easily verified fact that a linear homogeneous equation is changed into a new 
equation of the same kind by every transformation of the type 


t=f(t), y=26(), 


where ¢ is the new independent variable and z the new dependent variable, 
whatever the functions f(t) and ¢(t) may be. 

We can sometimes make use of this transformation to simplify a linear equa- 
tion. For example, if we wish to make the coefficient of the derivative of 
order n —1 disappear, we find that it suffices to put 


1 
w= are 


? 


retaining the variable «. Since we have two arbitrary functions f and ¢ at our 
disposal, it wouid seem that we could take advantage of them to make two 
coefficients disappear; but this reduction, although theoretically possible, is 
, illusory in most cases. For example, we can always choose the functions f and 
g so as to reduce any linear equation of the second order to the simple form 
z’’ = 0, but the actual determination of these functions presents the same diffi- 
culties as the problem of integrating the original equation. 


42, The adjoint equation. Lagrange extended the theory of integrating factors 
to linear equations in the following way. Let F(y) be a linear function of y 
and of its first n derivatives, 


F(y) = ay + ayy@-D + +++ + Gn-1y + Ony, 


where do, @,,+++, Gd, are any functions of z, and where 7’, y”,---, y™ denote 
the successive derivatives of y. Let us try to find a function z of @ such that 
the product zF'(y) shall be the derivative with respect to x of another function 
linear in y and in its derivatives up to those of order n —1. The general for- 
mula for integration by parts (I, § 87, 2d ed.; § 85, Ist ed.), applied to each of 
the terms of the product zF'(y), gives us 


d d dn —1(a)2) 
a y= Z| agey 0-0 — F (age) yO“ 9 4 oo ky 


dar -1 
d d paced 
ay @=Z) = (n— 8) oD pata See aes 
(30) A + | au FEES Ee I rarest 
+ Stele) eevee Pry Sielelelalecehe @iaeis 6161016 eee eovcccce eccee 


+ F [an —120) + yG(z), 


where we have put 
a o@) 
(1) @@)=(- 19) 


a the yn gan sal 2) Tn —12) 
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If we denote by W (y, z) the expression which appears on the right-hand side 
of the equation (80) which is bilinear with respect to y and z and to their 
derivatives, we can write that equation in the abridged form 


(32) Fy) 962) =“ (Vly, 9), 


so that for all the possible forms of the functions y and z the binomial 
2F'(y)— y@(z) is the derivative of Y(y, z). If we now take for z an integral of 
the equation G(z) = 0, the product zF’(y) is the derivative of an expression of 
the same form, linear with respect to y, y’,.--, y™—), and the equation 
Fy) = 0 is equivalent to a linear equation of order n —1, 


(33) Vy, 2) = C, 


which we obtain by replacing in © the function z by the integral in question. 
Now the equation G(z) = 0 is likewise a linear equation of the nth order; it 
is called the adjoint equation of F(y) = 0, and the symbolic polynomial G (z) is 
called the adjoint polynomial of F(y). 

We see, then, that if we know an integral of the adjoint equation, the inte- 
gration of the given equation is reduced to the integration of a linear equation 
of order n — 1 whose right-hand side is an arbitrary constant. If we know p 
independent integrals, z,, 2,,---, Zp, of the adjoint equation, every integral of 
the given equation satisfies p relations of the form 


(34) WP (YY, 21) = Ci, mis (YY; 2) = Cy, pees. vy, Zp) = Cos 


where C,, C,,---, Cp denote p constants. Eliminating the derivatives y*—, 
ya—2),..., yw—p+}) from these p equations, we obtain a linear equation of 
order n — p whose right-hand side depends upon the p arbitrary constants C,, 
Cy,--+, Cp. In particular, if p = n (that is, if we know the general integral of 
the adjoint equation), we can solve the n equations (34) for y, y’,---, y*—), and 
we can obtain the general integral of the given eauation without any quadrature. 

There exist between the integrals of the two equations F(y) = 0, G(z)=0 
some remarkable relations, which we cannot develop here.* We shall only show 
that there exists a reciprocal relation between these two equations. More pre 
cisely, if G(z) is the adjoint polynomial of F(y), then, conversely, F(y) is the 
adjoint polynomial of G(z). Forif F,(y) denotes the adjoint polynomial of @ (z), 
we have a relation between I’,(y) and G(z) of the same form as the relation (82), 


‘ d 
(82’) yG (2) — 2F,(y) = a [©,(y, 2)]. 
Adding the relations (82) and (82’), we find 
d 
2[Fv)— FW =—@ )+ WW, I. 


If F(y) — F,(y) were not zero, the product z[F(y) — F,(y)] would be the deriva- 
tive of a function containing z and some of its derivatives. Now the derivative 
of a function containing z, z’,-+-, 2?) contains at least one derivative of z, 
namely, 2(?+1), The preceding relation is therefore possible only if F,(y) is 
identical with F(y). 


* See Darsoux, Théorie des surfaces, Vol. I, Bk. IV, chap. vy. See also Exercise 
17, p. 171, at the end of this chapter. 


Il, § 43] SOME PARTICULAR EQUATIONS 117 


2 
II. THE STUDY OF SOME PARTICULAR EQUATIONS 


43. Equations with constant coefficients. Linear differential equa- 
tions with constant coefticients were integrated by Euler. Consider 
first a homogeneous equation 


Sy FY@y= 94 ay 4 + a, _1y' + a, = 0, 
where a@,, @,,---,@, are any constants. By the general theory (§ 37) 
none of the integrals of this equation have a singular point in the 
finite plane; that is, they are integral functions of w. Let 

x gq? am 

(36) ge ei a ei ea aay a 
be the development in series of an integral. The series which repre- 
sent the successive derivatives have an analogous form. Replacing y 
and its successive derivatives by their developments in series in the 
left-hand side of the equation (35), and equating to zero the coefficient 
of any power of x, say x”, we obtain the following relation between 
n +1 consecutive coefficients : 


¢ yr 
(37) Cntp +t %Cntp—1 + Ulntp—2t °° °F Ani 41 F Une = 0. 


If we substitute in it successively p = 0, 1, 2,---, we can calculate, 
step by step, all the coefficients ¢,,c,.,,---, in terms of the n first 
coefficients ¢,,¢,, +++, ¢—1, which may be taken arbitrarily. The 
series (36) thus obtained is convergent in the whole plane and repre- 
sents the integral which for x = 0 is equal to ¢,, while the first n —1 
derivatives take on respectively the values ¢,, ¢,,---, ¢,_, for x= 0. 
We shall show that this integral can be expressed in terms of expo- 
nential functions when it does not reduce to a polynomial. 

The equation (37) is a recurrent formula with constant coefficients 
which connects the n + 1 consecutive coefficients. Now it is easy to 
find particular solutions of that equation. For this purpose, let us 
consider the algebraic equation 


(38) i Cs) = pt 7 plas Je Ce ea +.--+4,_17 + a, = 0, 


which, for the sake of brevity, we shall call the auailiary equation, 
the left-hand side f(r) being the auxiliary polynomial. If r is a root 
of this equation, it is clear that the relation (37) is satisfied, what- 
ever may be the value of the integer p, by putting ¢,,=7". The 
particular integral thus obtained is equal to ¢”, and we see that e” 
is a particular integral of the equation (35) if r is a root of the 
auxiliary equation f(r) = 0. The verification is immediate, for if we 
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replace y by e”” in the left-hand side of the equation (35), the result 
of the substitution is e” f(r). 
If the equation (38) has n distinct roots 7,, 7,, +++, %, we know n 
particular integrals ¢:”, e2”,---, e»*, and therefore an integral 
(39) y — Ce" at Cee = raat =f Cer, 
the expression for which contains n arbitrary constants C,, C,, +--+, Cy. 
This expression represents the general integral, for the determinant 
A (e1*, €72, +++, en”) can be written in the form 
1 Viet he wae eke 
= 


1 re re Sasi fee 
and the determinant on the right is, except for sign, the product of 
the differences 7; — 7,. 

Before studying the case in which the auxiliary equation has 
multiple roots, we shall prove a lemma. Let us make the substi- 
tution y = e**z in the equation (35), where @ is any constant and z 
the new dependent variable; by Leibnitz’s formula we have 

yi = e* (az + 2’), 
he sabes ce 


(40) y = ears aL a ae pa abate" 4 ee 2”); 


Substituting these values of y, y', y'",--- in the left-hand side of 
the equation (35), c** appears as a factor, and we have 


F (ez) = e“G(z), 
where G(z) is a linear expression in 2, 2’,---, 2™ with constant 
coefficients. In order to calculate the coefficients of G@(z), let us 
observe that if we replace in F(y) the indices which indicate differ- 
entiation by exponents, and y itself by y° = 1, the result obtained is 
identical with f(y). If we carry out the same transformation with 
the function z, the formule (40) may be written symbolically 


y? = e*(a@ + 2); 
hence G(z) can also be written, in the same symbolic notation, 


J(@+ 2), and, replacing the exponents of z by the indices which 
indicate differentiation, we see that the new equation in z is 


(Al) Fee) =e] F@etf(@e'+ LO Pat. +O) | <0 


© 
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Now let 7 be a p-fold root of the auxiliary equation ; if we replace a 
by that root rv in the equation (41), the coefficients of z, 2', 2", .. ., 2@-D 
in this equation are zero, and we obtain an integral by taking for z a 
function whose pth derivative is zero, that is, an arbitrary polynomial 
of degree p —1. Consequently, if r is a p-fold root of the auxiliary 
equation, to that root corresponds p particular independent integrals of 
the linear equation (35), e’*, we™, -+-, x? le", 

Let the & distinct roots of f(r)=0 be 7, 7,,+++, 7,, and let their 
respective orders of multiplicity be denoted by w,, M,, +++, My(3M;= 2). 
From these roots we can form n particular integrals of the linear 
equation. These m integrals are independent, for any linear relation 
with constant coefficients between these n integrals would lead to an 
identity of the form 


e1* (2) + 2", (x) + B.S -+- ee dh, (%) = 0) 
where ¢,, $,,---, , denote polynomials not all of which vanish 
identically. Such a relation is impossible if the k numbers 7,,7,, +--+, 
r, are distinct. For, let n,, n,,---, m, be the respective degrees of 
these polynomials. It is understood that any term in the identity 
is simply omitted if the corresponding polynomial is zero. Dividing 
by e%*, we can again write this relation in the form 


$,(x)+ aT O* by (ae) eee t Ere) hy (2) = (0 
Differentiating both sides of this equation, we have 


$5 (a) + o-* $50) + (7, — 17) @)] 4 ++-= 
The degree of the polynomial which multiplies e~"?* is again 
equal to n,, and the polynomial does not vanish; and similarly for 
the others. After having differentiated (m, + 1) times, we shall have, 
therefore, a relation of the same form as the relation from which 
we started, but with one term less, 
enh, (2) ae e's", (2) hs or CH (a) = 0, 
where the k —1 numbers s,,---, s, are different, and where y,, y,, 
. +, ¥, are polynomials of degrees n,, n,,+ ++, respectively. Continu- 
ing in this way, we arrive finally ata relation of the form e7 (x) =0, 
where 7 (zx) is a polynomial not identically zero. But this is evidently 
absurd. The general integral of the linear equation (35) is therefore 
represented by the expression 


(42) y=@rP, Sud tag. epee! OP P21) 
where P, 1,°+*, Pu,-1 are polynomials with arbitrary coefficients, 
of degrees equal to their subscripts. 
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If the auxiliary equation has imaginary roots, the general integral 
(42) contains imaginary symbols, but we can make these imaginaries 
disappear if the coefficients a,, ,,+++,@, are real. For in this case, 
if the equation f(r) = 0 has the root a + fi of multiplicity p, a — Bi 
is also a root of the same degree of multiplicity. The sum of the two 
terms of the formula (42) coming from these two roots can be written 


e** (cos Bu + isin Br) ® (x) + (cos Bx — isin Bx) V(x), 


where (x) and W(x) are two polynomials of degree p —1 with 
arbitrary coefficients, or in the equivalent form 


e**[cos Bx®,(x) + sin Be, (x) ], 


where ®, and W, are also two arbitrary polynomials of degree p — 1. 


Note. In order to express the general integral of the equation (35) in terms 
of exponential functions, we observe that it is first necessary to solve the equa- 
tion f(r) = 0. If this equation is not solved, the recurrent relations (37) enable 
us always to calculate, step by step, as many as we wish of the coefficients of the 
power series which represents the integral corresponding to the given initial 
conditions. 

We can determine in advance the number of coefficients which it suffices to 
calculate in order to obtain the value of the integral with a certain degree of 
approximation. Let A be the largest of the numbers 1, |a,|,---, |a,|, and B the 
largest of the numbers |c,|, |c,|,---, |¢n—1|. It is easy to prove, step by step, 
that we have |¢n4,)|<B(An)P+1. The absolute value of the remainder of the 
series which represents the integral, commencing with the term in z+, is there- 
fore less than the value of the series 


(n+ p)! (n+p+1)! | 
where p =|], and consequently less than 
B (An)? + 1 pn +p ey 
(n+p)! 


Consider now a non-homogeneous linear equation with constant 
coefficients. We can avoid the use of the general method and find 
a particular integral directly if the right-hand side, $(z), is a poly- 
nomial. For if the coefficient a, of y in the equation 


d” 
Oy 


de® dar! 


Cay oS rehey 


sips a, da: sF ay = boa™ ob bet ao see 


is not zero, we can find another polynomial of degree m, 


De W(x) = Ce de te ae ree, 
which, substituted for y in the left-hand side of the preceding 
equation, gives a result identical with $(x). The m +1 coefficients 
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Cy) Cyy Cy +++, Cy are determined, step by step, by the relations 


Only = 4; a,¢, + ma, _1¢, =b,, 


a6, 1 (we — lie, enim — 1)a, “ec, ==)8,, teey 

where a, is different from zero by hypothesis. This computation is 
not applicable when a, = 0. More generally, suppose that the deriva- 
tive of the lowest order which appears in the left-hand side is the 
derivative of the pth order. Taking for the dependent variable 
z = d’y/dx, the given equation is transformed into a linear equation 
ot order n — p, where the coefficient of z is not zero. According to 
the case which has just been treated, this equation in z has a poly- 
nomial of the mth degree for a particular integral. Hence one par- 
ticular integral of the equation in y itself isa polynomial of degree 
m+ p. The coefficients of this polynomial can again be determined 
by a direct substitution. It should be noticed that the coefficients of 
xP}, ~P—?, ..., 2, and the constant term are arbitrary. 

If the right-hand side ¢() is of the form e*”P(«), where @ is con- 
stant and R(x) denotes a polynomial, we reduce this case to the 
preceding by putting y = e*”z, which leads to the equation 


‘i (a) dz eo iay arte dz 
Ce ey et Og OPE) 
This equation has for a particular integral, as we have just seen, a 
polynomial whose degree we can determine a priori; the equation 
in y has therefore a particular integral of the form e*”Q(x), where 
Q(z) also is a polynomial. Suppose in particular that P(«) reduces 
to a constant factor C. If q@ is not a root of the auxiliary equation, 
the equation (43) has the particular integral z = C’/f(@), and the equa- 
tion in y has the particular integral Ce**/f(a). If a is a multiple 
root of multiplicity p of the auxiliary equation, the equation (438) is 
satisfied by putting Pe 
f(@) ia =p!C, 

Ce 

~ F(a)’ 

and consequently the equation in y has the particular integral 
Ca? e%*/f (a). By virtue of a general remark (§ 38) we can there- 
fore find a particular integral directly whenever the right-hand side 
is the sum of products of exponentials and polynomials. This is the 
case in particular if the right-hand side is of the form P(«) cos ax 
or P(«) sin ax, for we need only express cos ax and sin ax in terms 
of e and of e-*. Having once recognized by the preceding 


or 


2 
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considerations the form of a particular integral, it is not necessary 
to pass through all the indicated transformations in order to calculate 
the coefficients upon which it depends; it is often preferable to 
substitute directly in the left-hand side of the given equation. 


Example. Let it be required to find the general integral of the equation 


dty 3 - “ 
(44) PE eee a eC oe a a ee Re oe 
where a, b, c, g are constants. The auxiliary equation vt —1=0 has the sim- 
ple roots 1, —1, + i, —i; the general integral of the homogeneous equation is 


therefore 

(45) y = C,e* + Coe-*~ + C, cosz + C, sing. 
We must next find a particular integral of each of the four equations obtained 
by taking successively for right-hand sides ae*, be?*, c sin z, g cos2z. Since unity 
is a simple root of f(r) =r* — 1 =0, the first of these equations has the particular 
integral axe*/f’(1) = aze*/4. Since 2 is not a root of the equation f(r) = 0, the 
second equation has the particular integral be?*/f(2) = be?/15. 

In the third equation, F(y) =c sinz, we can replace sin z by (6 — e—**)/2i, 
and we have to seek a ee integral of each of the two equations 


Fy)=s5 a Fiy)= 5 e7 xt 


Now, since +7 and —7 are simple roots of f(r) = 0, we know, a priori, that they 
have respectively two particular integrals of the form Mze*', Nxe-*?. The sum 
of these two integrals is of the form x(mcosz + nsinz), and we can determine 
the coefficients m and n by substituting in F(y) and equating the result identi- 
cally to csing. This method avoids the use of the symbol i. It turns out that it 
is necessary to take m=c/4,n=0. We find similarly that the last equation 
F(y) =g cos2@ has the particular integral g cos2/15. Adding all these par- 
ticular integrals to the right-hand side of the equation (45), we obtain the general 
integral of the given equation (44). 


44, D’Alembert’s method. A large number of methods have been 
devised for the integration of linear equations with constant coeffi- 
cients, particularly in the case where the auxiliary equation has mul- 
tiple roots. One of the most interesting, which is applicable to many 
questions of the same kind, consists in considering a linear equation, 
in which f(7) = 0 has multiple roots, as the limit of a linear equation 
in which all the roots of f(r) = 0 are distinct. In general, let 


, hamid, 
(46) Fyy= Se + OC et bo gee a “tay = 0 
be a linear equation, where the coefficients @,, @,+++, a, are functions 
of x which depend also upon certain variable parameters G5 0, es 


Suppose that there exists a function f(x, 7) having the fears prop- 
erty: for ¢ values of r, depending upon the parameters A, Ay ° +, @ 


—— ae 
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2 
and in general distinct, the function f(a, r) of x is an integral of the 
equation (46). Let 7,, 7,,-+-,7, be these g values of 7 such that the 


functi 
ee FG), FM, 4 Ferd 
form q independent particular integrals of the equation (46), whatever 
the values of the parameters @,, a,,---, a, may be. If for certain par- 
ticular values of these parameters the ¢ values 7,,7,, +--+, 7, are not 
distinct, the number of the known integrals is diminished. Suppose, 
for example, that 7, becomes equal to r,. If r, is different from r,, 
the equation has the two integrals f(a, r,), f(x, 7,), and consequently 
S (72) — Sf (@, 1) 
r— 7; 

is also an integrai. Now, if 7, approaches r,, the preceding function 
has for its limit the derivative [ f; (a, r)],, If a third root r, becomes 
equal to r,, we take, similarly, supposing first that 7, differs a little 
from 7,, the integral 


- £@%)-— FO) — Cs — VIG I, 
; Cnr, 
and this integral has for its limit [f/2(z, r)],,/2 when 7, approaches 7,. 
This reasoning is perfectly general: if, for certain values of the par- 
ameters @,,---, @,, k of the roots are equal to 7,, the corresponding 
equation (46) has the x particular integrals 


ee ee 


In the case of a linear equation with constant coefficients the 
parameters a@,, @, ---, a, are the coefficients themselves, and the 
function f(x, 7) is e’*. This leads again to the results which we 
obtained before directly. 


p) 


45. Euler’s linear equation. The linear equation 
any a ee, 
dz” Of pee 
where 4,, 4,, ---, 4, are constants, reduces to the preceding by the 
change of variable* « = e’. Since dt/dx =1/az, we have 


dy dydt_I1dy Ty 5 (4%), 
dx didx «x dt dx? a\dt? at 


dy 
(47) Grd? + Ax” pane Any = 0, 


*The general theory (§ 37) tells us that the integrals of the equation (47) can have 
no other singular point than «=0. Now e¢ cannot be zero for any value of t. The 
integrals obtained by the change of variable x = e* must therefore be integral functions. 


124 LINEAR DIFFERENTIAL EQUATIONS (III, § 45 


and we easily verify, step by step, that the product «?[d?y/dz?] is 
a linear expression with constant coefficients in dy/dt, dy/dt’, 
..., d?y/dt?. The given linear equation is therefore transformed by 
this change of variable into an equation with constant coefficients. 

To obtain the general integral of the equation (47), it is not 
necessary to carry out the calculations of this change of variable, 
for we know that the transformed equation has integrals of the 
form e. The given equation has theréfore a certain number of 
integrals of the form (e')” =a”. Replacing y by «” in the left-hand 
side of the equation (47), the result of the substitution is 27f(r), 
where 

f@m=re—1)---@—2+1) 
+ Ariel) — wt 2) se A, ar 


If the equation f(r)= 0, which here plays the same réle as the 
auxiliary equation, has distinct roots 7,, 7,,---, 7,, the general 
integral is 

y = Cia" + Ca + +--+ Cia, 


Ifr is a multiple root of multiplicity w of f(r)=0, to that root 
corresponds, by D’Alembert’s method, the mw particular integrals 


ot —1yr 


0 
x’, or (x”) = 77 Log x, Bur Gea = oF (Log a) Fe 


The general integral of the equation (47) is therefore in all cases 


(48) y= P,,_,(Logr)+---+ 2*P,,-1(Log 2), 


where 7,, 7,,+++, 7, are the & distinct roots of f(r) = 0, where yp, p,, 
+++, #, are their orders of multiplicity, and where P,,_, (Log z) is 
a polynomial in Log x with arbitrary coefficients of degree mw; — 1. 

If, in the equation (47), we replace the right-hand side by an 
expression of the form a"Q(Log x), where Q denotes a polynomial, 
it can be shown, as in the case of the equations with constant coeffi- 
cients, that the new equation thus obtained has as a particular inte- 
gral an expression of the same form, whose unknown coefficients 
can be calculated by a substitution. 


46. Laplace’s equation. We can sometimes represent the integrals of a linear 
equation by definite integrals in which the independent variable appears as a 
parameter under the integral sign. One of the most important applications of 
this method is due to Laplace and affects the equation 


dn-ly 
dzn-1 ar see (Qn + nz) y = 0, 


ad" 
(49) Fy) =< (Qo ae by) = + (a, + b, 2) 
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whose coefficients are at most of the first degree, Let us try to find a solution 
of this equation by taking for y an expression of the form 


(50) y= af eee 


where Z is a function of the variable z and where L is a definite path of inte- 
gration independent of z. We have, in general, 


dp 

cones ZzP er@ dz, 

dxp JL) 
and, replacing y and its derivatives in the left-hand side of the equation (49) by 
the preceding expressions, we find 


51 F(iy)= | Zex(P d 
(61) W)= fZeP + Qa)de, 
where we have set, for brevity, 


P= oz" + @,2%-1 4 +--+ Oy_12 + Gn, 
Or bet + Oe + eet bn_12 + dn. 


The function under the integral sign in the expression (51) is the derivative 
with respect to z of Ze** Q, provided that we have 


P 


(SQ) d i 
(52) ——~=ZP, or ae [Log (ZQ)] = Q 


dz 


od 


We derive from this condition 


where the lower limit z, does not cause Q(z) to vanish. The function Z having 
thus been determined, the definite integral (51) is equal to the variation of the 
auxiliary function 


2P 
Wa eZQ = ath, Ore 

along the path Z. It will suffice, therefore, in order to obtain an integral of 
the given equation (49), to choose the path of integration L in such a way that 
the function V takes on the same value at the end as at the beginning, and so 
that the integral (50) has a finite value different from zero. 

Let a, 6, c,---, | be the roots of the equation Q(z) = 0. The auxiliary func- 
tion V is of the form 


(53) V = e+ R® (z — a)* (z — BB+ (2 — IA, 


where R(z) is a rational function whose denominator has no other roots than 
the roots a, b, c,---, 1 of Q(x), and of a multiplicity one unit less. Let 4, B, 
CG .++ denote loops described about a, b, c,---, in the positive sense, starting 
from an arbitrary initial point, and let 4-1, B_1, C_1,--+ denote the same loops 
described in the opposite sense. The function V is multiplied by e?7# when z 
describes the loop .4, and by e~27* when z describes the loop A_1, and simi- 
larly for the others. It follows that if we make the variable z describe the 
loops A, B, A_1, B-1 in succession, the function V takes on again its initial 
value. The definite integral (50), taken over this path ABA_1B-1, is not, in 
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general, zero. It gives a particular integral of the given equation. By associat- 
ing the p points a, b, c,---, / in pairs in all possible ways, we obtain p(p — 1)/2 
integrals, which in reality reduce to p — 1 independent integrals. 

We do not find n particular integrals in this way. In order to obtain others, 
we may look for the paths L having their extremities at certain of the singular 
points a, b,c, ---, 1 and such that the function V vanishes at the two extremities. 
If a is a simple root of Q(x) = 0, the function Z contains the factor (z — a)*—1, 
and it will be possible for the integral (50) to have a finite value when one of the 
extremities of the path L is at the point a only. if the real part of a is positive, 
and in this case V does approach zero at the same time as |z—a|. If a is an 
m-fold root of Q(z) = 0, the rational function R(z) contains a term of the form 
Am-—1/(z — a)™—1. In order to determine the behavior of the absolute value of 
V in the neighborhood of the point z = a, we need only study the absolute value 


of the following important factor : Pane 
m — 


Setting (@— ajze@—Om—*, 
z2—a=p(cos¢?+ising), Am-1=A(cosy+isiny), a=a+a%, 

we may write the absolute value of this factor in the form 

e— ah pv eApi—™ cos[y —(m—1) 9], 


In order that V shall approach zero with |z — a], it will suffice to make z de- 
scribe a curve such that the angle ¢ which the tangent makes with the real 
axis satisfies the condition cos [y — (m —1)¢] <0. For example, we may take 
¢=([¥ + (2k + 1) 7]/(m—1). If the angle ¢ has been taken in this way, the 
product Ze also approaches zero with |z—a|. Proceeding in the same way 
with the other points b, c,---, 1, we see that we can determine new paths L, 
closed or not, giving other particular integrals. 

Finally, we can also take, for the paths of integration, curves going off to in- 
finity. We are again led to determine a path LZ having an infinite branch such 
that the function V approaches zero when the point z goes off indefinitely on 
this branch. If, for example, the rational function R (z) is zero, and if the angle 
of x lies between 0 and 7/2, it will suffice to make z describe an infinite branch 
asymptotic to a line that makes an angle of 37/4 with the real axis. 

Leaving these general considerations,* let us consider in particular Bessel’s 
equation, 


ay dy 
(54) Dea Oe Ry 


where n is a given constant. We have here 


P=(2n+1)z, Q=1+ 23, 
and consequently 
oe 1 
Za(l+2) 7, Vser(1 42)" "2, 


The definite integral 
(55) ie 
Y= | et(1+22) 2az 
Sorat 2) 


rer 


= * See an important paper by Poincaré in the American Journal of Mathematizs, 
ol. VII. 
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is therefore a particular integral of the equation (54) if the function 


1 
ex (1 4 22)" 73 


takes on the same values at the extremities of the path of integration. We can 
first take a succession of two loops described, the first in the positive sense 
about the point z= + 7, the second in the reverse sense about the point z =— i. 
For the second path of integration we can take next a curve surrounding one 
of the singular points + i and having two infinite branches with an asymptotic 
direction such that the real part of zz approaches — o. 

The real part of the constant n may be supposed positive or zero, for if we 
put y = x—?”z, the equation in z does not differ from the equation (54) except 
in the change from n to — n. When this is the case, we can also take for the 
path of integration the straight line joining the two points + i and — i. More- 
over, the integral thus obtained is identical with the first except for a constant 
factor. In order to reduce this integral to the usual form, let us put z = it. It 
then takes the form 


+1. Pears 
y= Ah _ ena ey" Pat, 
or 


(56) 


+1 Pee 
y =f cosat(1— t?) dt. 
=a 


, The remarkable particular case in which n is half an odd number deserves 
mention. If n is positive, the integral (56) always exists and can even be cal- 
culated explicitly, since n—1/2 is a positive integer. But if the path L is a 
closed curve, the definite integral (55) is always zero. It seems, then, that in this 
case the application of the general method gives only one particular integral. 
However, in this apparently unfavorable case we can express the general inte- 
gral in terms of elementary functions. For, let us make the inverse transfor- 
mation to the preceding, so that n shall be half of a negative odd number. Then 
n—1/2 is a negative integer, and the definite integral (55), taken along any 
closed curve, is a particular integral of the linear equation (54). Taking for the 
path Z a circle having one of the points + 7 for center, we see that the residue 
of the function 


1 
ern (1 + 22)" 2 


with respect to each of these poles is an integral of the linear equation. Now, 
it is clear that the residue with respect to the pole z=+ i is the product of e” 
and a polynomial, and, similarly, that the residue with respect to the polez =— 1% 
is the product of e-*” and a polynomial. These two particular integrals are 
independent, for their quotient is equal to the product of ¢? and a rational 
function. It is clear that their sum is a real integral, as is also the product of 
their difference and 7. 


Note. The linear equation with constant coefficients is a particular case of 
Laplace’s equation, which is obtained by supposing all the coefficients }; zero. 
If we suppose also a) =1, we have Q(z) = 0, while P(z) reduces to the auxil- 
iary polynomial f(z). The general method appears to fail, since the expression 
for Z becomes illusory. But it requires only a little care to recognize how the 
method raust be modified. In fact, the reasoning proves that the definite integral 
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{ple is a particular integral of the linear equation, provided that the defi- 
nite integral {.,) Zf(z) "dz, taken along the same path L, is zero. Now, if we 
take for L a closed curve, it is sufficient that the product Zf(z) be an analytic 
function of z in the interior of this curve. If, therefore, Il(z) denotes any 
analytic function in a region R of the plane, the definite integral 


=f TL) pergy 
er ae 


taken along any closed curve L lying in this region, is a particular integral of 
the linear equation with constant coefficients. We see how this result, due to 
Cauchy, is thus easily brought into close relation with Laplace’s method. 

As a verification, it is easy to find the known particular integrals. Let z=a 
be a p-fold root of the auxiliary equation f(z) = 0. Let us take for the path of 
integration a circle about a@ as center not containing any other roots of f(z) = 0, 
and let II (z) be an analytic function in this circle. The residue of the function 
Il (z) e"/f (z) or IL (z) &*/[(z — a)Pf, (z)] is equal to the coefficient of hp —1 in the 
development of the product 


(ath = 
a + h) eee ——__ 
°F Aa Bh) 
according to powers of h. If we have 
II'(a + h) 
ee A,h+---+ Ap_1hP-14. 
fi (a+ h) ot sf oe p—1 


the coefficients A), A,,---, Ap—1 are arbitrary, since the function II (z) is any 
function analytic in the neighborhood of the point a. The residue sought is 
therefore equal to 


gp-1 gZp-2 - 
, A ee Saha 7 eee F 
| Mesa? es Hi >| 


that is, to the product of the exponential e* and an arbitrary polynomial of 
degree p—1. This agrees with the result already known. 


Ill. REGULAR INTEGRALS. EQUATIONS WITH 
PERIODIC COEFFICIENTS 


Aside from the very elementary cases which we have just treated, it is, in 
general, impossible to determine, simply from the form of a linear equation, 
whether the general integral is algebraic or whether it can be expressed in terms 
of the classic transcendentals. Mathematicians have therefore been led to study 
the properties of these integrals directly from the equation itself, instead of 
trying to express them (somewhat at random) as combinations of a finite num- 
ber of known functions. We have already seen (Chap. III, Part I) that the 
nature of the singular points of an analytic function is an essential element 
enabling us in certain cases to characterize these functions completely. We 
know a priori (§ 37) the singular points of the integrals of a linear equation. 
We shall now show how we can make a complete study of the integrals in the 
neighborhood of a singular point in a special case, which is nevertheless rather 
general and very important. 
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47, Permutation of the integrals around a orffical point. Let @ be an isolated 


singular point of some of the coefficients p,, p,, +++, Pn of the linear equation 
dry dn—ly dy 
57 IVS vee -1— Lg) (0) 
(57) sy See epee Repreper wale ah ae 1g, + Pad 


We shall suppose also that the coefficients are single-valued in the neighborhood 
of a. Let C be a circle with the center a in the interior of which p,, p,, +++, Dn 
have no other singular point than a and are otherwise analytic. Let x) be a 
point within C near a. All the integrals are analytic in the neighborhood of the 
point x. Let ¥,, ¥,-+++; Yn be n particular integrals of a fundamental system. 
ff the variable x describes in the positive sense a circle passing through the 
point xz, about a as center, we can follow the analytic extension of the integrals 
Vis Yo. ***) Yn Along the whole of this path, and we return to the point ) with 
n functions Y,, Y,,---, Yn which are again integrals of the equation (57), 
where Y; indicates the function into which y; passes after a circuit around 
the point a in the positive sense. We have, therefore, since Y,, Y,,-+:, Yn 
are integrals of the equation (57), n relations of the form 


Vy = Oy, + Qo + +++ + GinYns 
Y, = Hq Vy + MyQQ Yq + +++ + GanYny 


(58) m 


? 


xe = Gn1Y1 + Un2y2+ °°> + Ann Yny 
= 


where the coefficients a, are constants which of course depend upon the fun- 
damental system chosen. It is easy to obtain the value of the determinant D 
formed by these n? coefficients. For we have, by § 38, 


x 
sos dz 
AY, Yor **s Yn) = Ce Sig? re 


If « describes the circle ~ with the center a in the positive sense, y; changes 
into Y;; hence we have 
mae Fe Le 
Lyrae 


A(Y,, Y5,°°"s Yn) =A(%, Yos***5 Yn) e 


But the quotient of the two Wronskians is equal to D (§ 38), so that D = e— 27k, 
where R indicates the residue of p, with respect to the point a. This determi- 
nant is therefore never zero. 

Since the coefficients in the equations (58) depend upon the fundamental 
system chosen, it is natural to seek a particular system of integrals such that 
these expressions are as simple as possible. Let us seek first to determine a 
particular integral w=, y, + AgYo + +++ +AnYns such that a circuit around the 
point a reproduces that integral multiplied by a constant factor. It is necessary 
for this that we have U = su, where U is the value of u after the circuit, and 
where s is a constant factor, that is, , 


Ny (O41 Yy + GQ Yo + +++ + GinYn) + °° 
+ An(Gn1Y1 + AnoY2teore t+ Ann Yn) — s(MY1 feeet An Yn) =10) 


Such a relation cannot exist between the n integrals unless the coefficients 
Of ¥;, Yo, ***, Ym all vanish separately. The n + 1 unknown coefficients 
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Ay Ags ++) Any 8 Must satisfy the n conditions 
Ay (441 — 8) + Ager + +++ Ann =i 0, 
(59) Ay Ayo + Ag (gg — 8) + +++ + AnOne = 0, 


° . F 
Main + A2dan lee hehe Xn(Gnn — 8) = 0. 


Since the quantities ,, \,,---, An cannot all be zero at the same time with- 
out having u = 0, we see that s must be a root of the equation of the nth degree, 


a1 — 8 21 vee Ani 
a d22 — 8 see An, 

(60) F)=| 0 Se ae 5 a ee 
An don ae Inn — 8 


which we shall call the characteristic equation ; according to a remark made a 
moment ago, this equation cannot have the root s = 0, for the determinant D 
of the n? coefficients a would be zero. 

Conversely, let s be a root of this equation; the relations (69) determine 
values for the coefficients \; not all zero, and the integral w=, y, + ---+ Ann 
is multiplied by s after the circuit around the point a. This being the case, let 
us suppose first that the characteristic equation has n distinct roots 8,, 8), +++, Sp. 
We shall have n particular integrals u,, u,, +--+, Um such that, after the circuit in 
the direct sense around the point a, we have 


(61) U, = 8,4, Uy, = 82g, SSB 9 Us, = Sn Un; 


where U; denotes the final value of u; after the circuit. These n integrals u,, ug, 
++, Un form a fundamental system. For, suppose that we have a relation of 
the form 


(62) Cru, + Cota + +++ + Catan = 0, 


where the constant coefficients C,, C,,---, C, are not all zero. After one, two, 
+++, (n—1) circuits, we should have the relations of the same form, 


Orsay + Cy Sp Up Se Cn Sn Un =a 
(63) a +C,83Ug te+-+CrSiu, =0, 
O, 337 uy + OC, 1a, +--+ Oto, = 0. 
The linear relations (62) and (63) can be satisfied only if we have at the same 
time C,u, = 0,--+, Cru, = 0, since the corresponding determinant is different 
from zero. 
It is easy to form an analytic function which is multiplied by a constant 
_factor s different from zero after a circuit around the point a. In fact, the func- 
tion (ce — a)" or e"Los(*—2) js multiplied by e?* after such a circuit, and if we 
determine ‘r by the condition r = Log(s)/2 wi, this function (« — a)” is indeed 
multiplied by s after a circuit around a. Every other function u having the 
same property is of the form (x — a)’ ¢(x — a), where the function ¢(z — a) is 
single-valued in the neighborhood of the point a, since the product u(%— a)-* 
comes back to its initial value after a circuit around the point a. The integral 
ux is therefore of the form 


Ue = (€ — a)re dy (x — a), 
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where rz = Log (s)/2 wi and where the functions ¢; are single-valued in the 
neighborhood of the point a. In a circle C with the radius R about the point a 
as center and in which the coefficients p,, ---, p, are analytic except at the 
point a, the integral uz cannot have any other singular point than a. The same 
thing is therefore true of the function ¢;(e — a), and the point a is an ordinary 
point or an isolated singular point for that function. We can dismiss the possi- 
bility that a isa pole. In fact, if the point a were a pole of order m, since the 
exponent 7; is determined except for an integer, we can write 


Uy = (@— a)re-™ [we — a)" gx(0 — a)], 


and the product (« — a)" ¢,(e — a) is analytic for e=a. If the point a is not 
an essentially singular point for ¢,(¢ — a), we say that the integral is regular for 
xz£=a. We can then suppose that the function ¢,(%— a) has a finite value, 
different from zero, for z=a. 


48, Examination of the general case. It remains to examine the case where the 
characteristic equation has multiple roots. We shall show that we can always 
find n integrals forming a fundamental system and breaking up into a certain 
number of groups such that if y,, ¥.,+++, Yp denote the integrals of the same 
group, we have, after a circuit in the positive sense around the point a, 


(64) Yeu Sis Y, = 8(y, + Yo), tee, 1 2 Osa 45 Ga) 


The different values of s are the roots of the characteristic equation, and to the 
same root may correspond several different groups. If the n roots are distinct, 
which is the case we have just examined, each group is composed of a single 
integral. 

The problem reduces in reality to showing that we can reduce the linear sub- 
stitutions defined by the equations (58) to a canonical forin such as we have 
just indicated by replacing y,, Y¥,,-++, Yn by suitably chosen linear combinations 
of these variables. Assuming that the theorem has been proved for the case of 
n — 1 variables, we shall show that it is also true for n variables. 

From what has been shown in the preceding paragraph, we can always find 
a particular integral u such that we have U=ypu. Replacing one of the inte- 
grals, y, for example, by this integral u, the expressions (58) take the form 


(Of r= flat. ‘ 
re = by u + Ora Sie ws benYny 


(85) 
Y, — Dn + bn2 Ve am COGS Dan Yn 
If in the last n —1 expressions we neglect the terms b,u, +--+, b,u, these equa- 
tions define a linear substitution carried out on the n — 1 variables y,, Y¥3,-++, Yn- 


The determinant D’ of this substitution in n —1 variables is not zero, for the 
determinant D of the linear substitution in n variables is equal to wD’ and can- 
not be zero. Since the theorem is assumed to hold for n — 1 variables, we may 
suppose this auxiliary substitution reduced to the canonical form. This amounts 
to replacing ¥, Y3,°**) Yn by n —1 linearly independent combinations ony Cis 
+++, Z,—1 Such that the equations which define the linear substitution 


Y; = bio Yq + +++ + bin Yn (i = 2, 3,-++, n) 
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are replaced by a certain number of groups of equations such as 
Zi = 8235 Ly, = 8 (24 + 22); oe, , Lp =8(Sp—1+ 2p)- 


If we carry out the same transformations on the equations (65), it will be 
necessary to add to the right-hand side of the preceding relations terms con- 
taining u as a factor. In other words, we can find n — 1 integrals that form with u 
a fundamental system, and that separate into a certain number of groups such 
that we have for the integrals z,, 2, +++, Z» of a single group 


(66) Z,=s82,+ Ky, Z,=8(z,+2,)+ Ky, esa) Lp = 8 (Zp—1+ Zp) + Kpu, 


where K,, K,,---, Kp are constants. We shall first try to make as many as 
possible of these coefficients disappear. For this purpose let us put 


U,=%4, + AY, Uy = Z_ + Agu, ey Up = Zp + Apu, 


where X,, Ag, +++; Ap are p constant coefficients. An easy calculation shows that 
we have for these new integrals 


Le = su, + [K, + («— 8)A,J4, 


(o7) U; = 8(Uj-1 + wu) + [K, + (4& — 8) — 8Aj_-1] u. (i>1) 


If u»—s is not zero, we can choose dj, Ay, +++, Ap in such a way that the coefii- 
cients of uw on the right are zero, and we have for the new integrals u; 


U, = su, U, = 8(u, + Uy), tee, Up = 8(t—1 + %). 


The substitution to which this group of integrals is subjected after a circuit 
around a is of the canonical form. If ~=s, since s cannot be zero, we can 
choose ),, dy, ++, A»p—1 in such a way as to make the coefficients of u in the 
expressions for U,, U,,+--+, Up disappear. But we may have several groups of 
variables z, subjected to a transformation of the canonical form for which the 
value of s is equal to w. Suppose, for detiniteness, that there are two such 
groups, containing respectively p and g variables. After the preceding change 
of variables the substitutions which these two groups undergo are of the form 


() U, =su, + Kyu, U, = 8(u, + %,), teey Up = 8 (Up + Up 1), 
(II) Uj = suj + Kyu, U5 = 8 (uy + uj), Spi U, = (uw, + a5_3). 


If ki = K, = 0, we have three groups of integrals, u, (u,, Us, +++, Up); (ui, us, 

++, U;), Subjected to a substitution of the canonical form, If we suppose that 
p=zq, and if K, is not zero, by putting vj = u; — Kj uj/K, the second group 
of integrals is replaced by a group of g integrals v, which undergo a substitution 
of the canonical form. Next, putting uy = K,u/s, the (p + 1) integrals Ug; Uj, 
+++, Up form a single group which undergoes a transformation of the canonical 
form. If K, = 0, while Kj is not zero, putting us = Kju/s, we have two groups 
of integrars, (U1, Uy, +++, Up), (Up, U4, °++, Us), Which undergo a substitution of the 
canonical form. The theorem stated is therefore true in general.* 


*For a full treatment of the application of Weierstrass’s theory of elementary 
divisors to linear differential equations the paper by L. Sauyage (Annales de l’ Ecole 
Normale supérieure, 1891, p. 285) may be consulted. 
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49. Formal expressions for the integrals. It ¥emains for us to find a formal 
expression which will show clearly the law of permutation of the integrals of 
the same group after a circuit around the point a. Let Vx) Vos °° "5 Yp bE a group 
of integrals which undergo the permutations (64). Let us put yz, = («— a)"z, 
where r is equal to Logs/27i. The p functions 21) 2g,°°*, Zp must be such 
that we have 


Ly, =, Ly = 2 + 2e, teey Ly = &p—1 + 2p- 
Hence the function z, must be a single-valued function ¢,(z — a) in the neigh- 
borhood of the point a. As to the function z,, we derive from the preceding 
equalities Z,/Z, = z,/z, +1; hence the difference z,/z, — Log (« — a)/2 77 is a 
single-valued function y,(« — a), and we have also 
a 5 Los te — a)¢,(e— a) + $,(& — a), 


where ¢, (x — a) is another single-valued function. Let us put ¢ = Log (#%— a)/2 mi 
and consider the general case. When a describes a loop in the positive sense 


aroend the point a, ¢ increases by unity, and z,, 2),++-, Z», considered as func- 
tions of t, must satisfy the relations 
(68) z(t ae 1) a z(t), Z(t ats 1) = Z(t) a Z(t), eye 
ee Zpit + 1) = 2p(t) + Zp—1(0). 


In order to find the most general solution of the equations (68), we may 
rémark that these relations can be satisfied by taking pills Fe toy Chal Oy 
choosing for z,(t) a polynomial of degree i — 1 in t whose coefficients are deter- 
mined step by step. The calculation is facilitated by observing that the relation 

zi(t + 1) — z(t) = %-1(4) (i = 8) 
is satisfied for £=0, 1, 2,---, 1— 3 if we take for z,(t) a polynomial of the 
form K,t(t—1)---(t— i+ 2). In order that it may be satisfied identically, it 
will suffice if it is satisfied by another value of t, for example, by t = i — 2, since 
the two sides are polynomials of degree i— 2 in t. We thus:find the condition 
(i — 1) Kj = K;,_1, whence we derive K,;=1/(i—1)!. We therefore obtain a 
particular solution of the equations (68) by putting 

6, =1, a(t) = "© — 2), (i = 2, 3,-++, p) 

In order to obtain the general solution, let us indicate by ¢;(t) functions such 
that ¢.(t + 1) = ¢x(t). The first of the equations (68) shows that z,(¢) is a func- 
tion of this kind, say ¢,(t). The second shows, similarly, that the difference 
z,(t) — 8,(t)z,(t) does not change when we change ¢ to t+1; hence 2,(t) is of 
the form z,(t) = ¢,(t) + 9,9,(t). We can continue the reasoning step by step. 
Suppose that we have shown that z,—1(t) is of the form 


Ze—1(t) = or—1(t) + Oy be —2(t) + +++ + Fe-16,(). (k = 3, 4, +++, @) 
The general relation z;(¢ + 1) — %(t) = z:—1(t) shows that the difference 
z;(t) — 02: -1(t) — Os Pi—2(t) — «++ — Fidill) 
does not change when ¢ changes to t + 1; hence the function ¢,(t) is of the form 


zi(t) = gilt) + 9,44 -1(t) + +++ + GO). 


134 LINEAR DIFFERENTIAL EQUATIONS [IIl, § 49 


Combining these results, the general solution of the equations (68) is given by 
the relations i 
Z(t) << $,(¢), 
Z(t) = O26, (t) + 2(4), 
(69) Za (t) = 95 y(t) + Fz bo(t) + b3(2), 
Zp(t) = Ap y(t) + Ip—1b9(t) + +++ + Anbp-1(2) + bp(4), 
where the functions ¢,, ¢,,-+++, ¢p do not change when ¢ is changed tot +1. 
Let us return now to the variable z, and let us indicate by ©,[Log (x — a)] 
the polynomial in Log (« — a) obtained by replacing t by Log (x — a)/2 7 in 
6,(t). We see that the p integrals y,, y.,---+, Yp of the group under considera- 
tion, which undergo the substitution (64) after a circuit in the positive sense 
around the point a, are represented by formal expressions of the following type: 


Y, = (&— a)", (4 — a), 
(70) 4% = (x — a)" (0, {Log (x — a)} ®,(u — a) + ®,(x — a)], 


. . 


Yp = (t—4)"[Op {Log(t—a)} ®, (ta) +p 1{Log(x—a)}®,(z—a) + «J, 


where (x — a), (x — a), ---, ®,(x— a) are single-valued functions in the 
neighborhood of the point a. 

It will be observed that all the integrals of this group can be deduced from 
the last of them, yp, which is of the form 


Yp = (t — a)" [WY (& — a) + (a — a) Log (a — a) + --- 
+ Yp—1(t — a) {Log (x — a)}?—1], 
where Wo, ¥1,°°*, Wp—1 are single-valued functions in the neighborhood of the 


point a, the last of which, p»~1, is different from zero. From the relations (64) 
we have 


See 
sd ee a 


and consequently y,—1 is the product of (c— a)” and a polynomial of degree 
p — 2 in Log(« — a), the coefficients of which are single-valued functions in 
the neighborhood of the point a. In the same way we derive yp—2 from yp_4, 
and so on. 

If the point @ is not an essentially singular point for any of the functions 
,, &,,---+, &), all the integrals of the group considered (70) are said to be 
regular forx=a, By the remark made on page 131, we can then suppose that 
all the functions @,;(z — a) are analytic for c = a, replacing r, if necessary, by 
another exponent which differs from it only by an integer. 


50. Fuchs’ theorem. The determination of the numbers s,, 8,, +++, 8,, or, What 
amounts to the same thing, the corresponding exponents r,, T,,+++, T, is in 
general a very difficult problem. We can obtain these exponents 7; by algebraic 
calculations whenever all the integrals of the equation considered are regular 
in the neighborhood of the point a. This results from an important theorem due 
to Fuchs: In order that the equation (57) shall have n independent integrals, regular 
in the neighborhood of the point a, it is necessary and sufficient that the coefficient 
pi of an—ty/dxr—* in this equation be of the form (x — a)—* P(x), where the func- 
tion P,(x) is analytic in the neighborhood of the point a. 
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If P;(a) is not zero, the point a is a polesof order i for p,;; but if (CG) —105 
the point a is a pole of order less than i. It may even happen that the point a 
is an ordinary point for some of the coefficients p;. The preceding conditions 
may be restated as follows: The linear equation must be of the form 

qn m—1 
(a — ap ic = ayn 1P, (ey Eh aare 
dy 
+ (@ — a) Pr-1(2) an + Pr(x)y = 0, 


(71) 


where P,, P,,+-+, P, are analytic functions in the neighborhood of the point a. 

We shall develop the proof only for the case of an equation of the second 
order, and we shall suppose, for simplicity, that a= 0. In this particular case 
the first part of Fuchs’ theorem may be stated as follows: Every equation of 
the second order, which has two independent and regular integrals in the neighbor- 
hood of the origin, is of the form 


(72) ay” + ¢P(x)y’ + Q(x)y = 0, 


where P(x) and Q(z) are analytic in this neighborhood. 

If the corresponding equation in s (60) has two distinct roots s,, 8,, the equa- 
tion (72) has two regular integrais of the form 

(1) -! vi x $,(£), Y= x2 $,(£), 
where the exponents 7,,7r, are different and where ¢,(z), ¢,(z) are two analytic 

functions which are not zero forx =0. If the equation in s has a double root, 

without causing the appearance of logarithmic terms in the expression for the 
general integral, we have again two particular integrals of the preceding form, 
where the difference r, — r, is an integer. We can always suppose that that 
difference is not zero; for if we had r, = 7r,, we could replace y, by the com- 
bination ¢,(0) y, — ¢,(0) y,, Which is divisible by 21+. Finally, if the expression 
for the integral contains a logarithmic term in the neighborhood of the origin, 
we can take a fundamental system of the form 


(11) Y= 2792), Y_ = £4, (2) Log (#) + ¥4(@)], 


where ¢,(z) is an analytic function which is not zero for ¢ = 0, and where ¥,(2) 
is a single-valued function in the neighborhood of the origin, which may have 
the point z = 0 for a pole. We have to show that every equation which has two 
independent integrals of the form (I) or of the form (II) in the neighborhood 
of the origin belongs to the Fuchs type. The direct verification does not offer 
any difficulty, but we can abridge the work as follows: If we put y = £19 (2) u, 
the linear equation in u obtained by this transformation has a general integral 
of one of the forms 
u=C, + C,xPm(z), u=C, + CG, [Log (a) + 7(a)], 

where m(z) is analytic for z = 0 or has this point for a pole. This equation is 
of the form (72), for the derivative w’ is of the form 

w = C,a"§ (2), 
where ¢(«) is an analytic function which is not zero for ¢= 0. The linear 
equation in u is therefore wp. ¥ (2) 
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which is of the Fuchs type. Now it is easy to see that this type is preserved 
after a transformation such as y = ash (2) u. The first part of the proposition 
is therefore established. 

In order to prove the converse, let us substitute for y on the left-hand side 
of the equation (72) a development of the form 


(73) Y = Cot? + C,a7t1 4 «+++ Carta ty tes (Cy # 0) 


and let 
P(t)=G)t+aet+-++, Q(z)=b+bet+--- 


be the developments of the functions P and Q. The coefficient of a” in the 


resulting equation is 
[r(r7 —1) + aor + 09] eo. 


Since, by hypothesis, the first coefficient c, is not zero, we must take for r one 
of the roots of the equation of the second degree 

(74) D(r)=r(r—1)+ a,r4+,=0. 
Having taken a root of this equation for r, we can choose ¢, arbitrarily. Let 


us take, for example, c)=1. Similarly, the coefficient of 27+” after the sub- 
stitution is 


opr +p) (r+ p—1)4+a(r+p)+5)+F=GD(r+p)+F, 


where F is a polynomial with integral coefficients in c,, ¢,, +++, Cp—1, Gy, Aq, ++ "5 
Gp, 01, by,+++, bp. Putting successively p =1, 2, 3,---, we shall be able to cal- 
culate, step by step, the successive coefficients c,, ¢,,--+, ¢n, unless D(r + p) is 


zero for a positive value of the integer p, that is, unless the equation (74) has a 
second root 7” equal to the first r increased by a positive integer. Discarding 
this case for the moment, we shall obtain a particular integral represented by a 
series of the form (73), the convergence of which will be demonstrated later. 
If the equation D(r) = 0 has two distinct roots r, 7’, whose difference is not an 
integer, the preceding method enables us to obtain two independent integrals, 
and the general integral is represented in the neighborhood of the origin by the 
expression 


(75) y = 0,0" (x) + C,27°"Y (x), 
where ¢(x) and y (x) are two analytic functions which do not vanish for « = 0. 
This is no longer the case if the two roots of the equation (74) are equal or 
if their difference is an integer. Let r and r — p be these two roots, where p is 
a positive integer or zero. We can always obtain a first integral of the form 


Y, =x" p(x). A second integral y, is given by the general formula (23), which 
becomes here 


a ) 
—+a,+ta,x+°--)dx 
y. feats rie {[— e -f( 1 7 x 
= 990) (area 
The sum of the roots of the equation (74), or 1— ay, is equal in this case to 
2r—p; hence @ =p +1—2r, and accordingly 
Gy ’ 
oP Bt at aged )ae_ a2r—(p +) § (2), 


where S(x) is a regular function in the neighborhood of the origin, which is not 
zero for z= 0. The second integral y, can therefore be written in the form 
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r= 29 (e) fOS, 


where T(z) is an analytic function which is not zero for z = 0. 
If A is the coefficient of x? in T(«), we see that the integral Yo is of the form 


Yo UF p(x) [4 Log z + a = a" Py (x) + Agr ¢ (x) Log a, 

where y (x) denotes a new analytic function in the neighborhood of the origin. 
This result agrees precisely with the general theory. As a particular case, it 
may happen that we have 4 = 0; the general integral does not then contain 
logarithms in the neighborhood of the origin. But since T(0) is not zero, it is 
to be noticed that this case never arises when p = 0, that is, when the equation 
(74) has a double root.* 

To complete the demonstration, it remains only to prove the convergence of 
the series (78) obtained by taking for r a root of the equation (74) such that the 
second root 7” is not equal to r increased by a positive integer. To simplify the 
proof, we may suppose that r = 0 and that the second root 7” is not equal to a 
positive integer ; for if we put y = zz, the equation analogous to D(r) = 0 for 
the linear equation in z has the roots of the equation (74) reduced by wu. We shall 
suppose, therefore, that such a transformation has already been made, so that the 
equation (74) has the root r = 0 and that the second root is not a positive inte- 
ger. For this it is necessary that b, be zero. Modifying the notation somewhat, 
and dividing all the terms by z, we shall write the equation (72) in the form 


(76) ry” + ayy = xy’ (a, + a,c + ---)+ y(b, + 6,0 + ---), 
where the coefficients a,, b,, @,,--- are not the same as before. We are to prove 
that this equation (76) has an analytic integral in the neighborhood of the origin, 
which does not vanish for z = 0, provided that 1— a, is not a positive integer. 
Now, if we try to satisfy this equation formally by a series of the form 

(77) YH1L+ ye 4 222+ Cyd 4 oe, 
we obtain successively relations between the coefficients of the form 


78 NCn{n —1+ Ay} = Pa{Q,, A, °°°, By, Day + %%5 Ons Cys Coy °° *y Cn—1}y 
Ai) (n =1, 2,+++) 


where P,, is a polynomial whose coefficients are all real positive numbers. By 
hypothesis, the coefficient n —1-+ a, does not vanish for any positive integral 


*Let us suppose that the functions P (x) and Q(x) in the equation (72) are even 
functions of x, and that the difference between the roots of D (r)=0 is an odd integer 
2n+1. In this case the logarithmic term always disappears in the integral yj. In 
fact, if we take for the independent variable t=”, the equation (72) is replaced by 
an equation of the same form, 

(72’) se TU soel1+ (VOI Ovi) y=, 
and the roots of the equation analogous to D (r)=0 are, as is easily verified, half of 
the roots of D(r)=0. Since their difference is not an integer, it follows that the 
general integral of the equation (72’) does not contain any logarithmic term in the 
neighborhood of the origin. The. same thing is therefore true of the equation (72). 
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value of n. We can therefore determine a positive number » such that we have, 
for every positive integral value of n, |n — 1+ a)|>(n + 1), since the quotient 
(n—1+ a,))/(n + 1) approaches unity as n becomes infinite. Let us replace, on 
the other hand, the coefficients of zy’ and y on the right-hand side of the equa- 
tion (76) by dominant functions, and let us consider the auxiliary equation 


(79) w(e¥” + 2¥%) =2¥(41 + Aye t+ ++) + ¥(B, + Be + --). 


If we attempt to satisfy this new equation by series of the form 


(80) Y=14 O04 +--+ O,0" +--+, 
we are led to the relations analogous to the relations (78), 
(81) npn (n a 1) a P,(A,, A,, et B,, B,, ei C1, “oes Cn-1)- 


If we compare the expressions which give the values of the coefficients c, and C,, 


e PaGa, iis Oar b;, be, #85 Coy sees Cn—1) y=: Tas Hoe see, @y=4) 
n(n —1+ a) nu (n + 1) 


the conditions 4;2|a;|, B;=|b;|,|n — 1+ a)|=u(n 4 1) show successively that 


n 


le |<C,, |c2|<C,, Baty in| Ons 


hence it will suffice to show the convergence of the auxiliary series or to show 
that the equation (79) has an analytic integral, in the neighborhood of the origin, 
not vanishing for c= 0. If we take for the dominant functions an expression 
of the form M/(1— 2/r), the auxiliary equation (79) can be written 

OY EAD Vee eM ail 


Ey em AN EC 
: 


whence we derive, by a first integration, 
Mr 
2¥’+Y= o(1- *) ‘ 
r 


and then 
Mr 


oY = cf (1-2) Fae +O. 
0 ” 


We have only to take C’ = 0, C = 1 in order to have an analytic integral, in the 
neighborhood of the origin, not vanishing for 2 = 0. 

Extension to the general case. The proof of Fuchs’ theorem for the general 
case can be based on the same principles by showing that if it is true for an 
equation of order (n — 1), it is also true for an equation of order n. 

If the equation (57) has n particular integrals separating into a certain num- 
ber of groups of the form (70), it has at least one particular integral of the form 
( — a)"¢(@ — a), where ¢(x — a) is an analytic function in the neighborhood 
of the point a, which does not vanish for x = a. The substitution 


y= (e«—a)rd(e—a)u 
will lead to a linear equation in u which has the particular integral u=1; 
hence the derivative w’ satisfies a linear homogeneous equation of order n — 1. 
The theorem being supposed true for a linear equation of order n— 1, this 


equation in w’ is of the Fuchs form; the same thing is evidently true of the 
equation in vu and therefore of the equation in y. 
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Conversely, let us consider an equationsof the form (71), in which a= 0. 

This equation is formally satisfied by a series of the form 
Y = Coe” + cyart1 + ..., (Cy # 0) 
where r denotes a root of the fundamental characteristic equation 
D(r) =r(r—1) s+s(r—n-+1) 
+P, (0)r(r—1)--- (7 —n + 2)4 +--+ Pi, (0) =0 

such that no other root of this same equation is equal to r increased by a posi- 
tive integer. In order to establish the convergence of this series, it is easy to 


show, by an artifice analogous to the one employed for n = 2, that it suffices to 
prove that a linear equation of the form 


(82) 


has an analytic integral in the neighborhood of the origin not vanishing for 
z=0. Now this equation has the particular integral (§§ 18 and 89) 


— Mr 
Syren sie dt, 
n— WH els 0 


which actually satisfies the preceding condition. If the equation (82) has n 
distinct roots, 11, To °**, Mm, Such that none of the differences r; — rz is equal to 
an integer, the general integral of the jinear equation is of the form 
y = OC, 21d, (©) + Cy 22h, (€) + +++ + Cn an gn (2), 

where ¢,, ¢), +++, ¢n are analytic in the neighborhood of the origin. If the 
equation (82) has equal roots or, more generally, roots such that some of the 
differences r,— rz, are integers, these roots separate into a certain number of 
groups, the difference between two roots of the same group being an integer, 
while the difference between two roots of different groups is never an integer. 
Let r be the iargest root of one of these groups. We have just seen that the 
equation (71) has a particular integral of the form 27¢(x), where ¢(x) is an 
analytic function in the neighborhood of the origin and such that ¢(0) is not 
zero. By putting y= <27¢(x)u, then du/dz = v, we are led to a linear differ- 
ential equation of order n—1 in v, which is again of the Fuchs form. The 
theorem being supposed true for an equation of order n — 1, that equation in v 
has n — 1 particular independent integrals of the form 


v= £* [Yo (z) + Y, (e) Loge + +++ + % (x) (Log x)?], 


where yo, ¥;,°*+, ¥q are analytic functions for «= 0. If @ is not an integer, 
we easily see, by a succession of integrations by parts, that fvdz is an expres- 
sion of the same kind as v. If a is an integer, fvdzx contains also a logarithmic 


term 
C (Log x)2*1, 


where C is a constant coefficient. Fuchs’ theorem is therefore true for an 
equation of the nth order.* 


* For greater detail see the paper by Fuchs in Cre/le’s Journal or the thesis of 
Jules Tannery (Annales de I’ Ecole Normale, 2d series, Vol. IV, 1875). 
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51. Gauss’s equation. Let us apply the general method to the equation 

(88) a(l—a)y” + [y—(«@+ 6 +1)2]y — aBy =9, 
where a, 8, y are constants. The singular points in the finite plane are z = 0 
and «=1. The characteristic equation for the point c= 0 is r(r + y—1) =0, 
and its roots are r=0, r=1—y. If y is not zero nor equal to a negative 
integer, it follows from the preceding theory that the equation has an analytic 
integral in the neighborhood of the origin corresponding to the rootr=0. In 
order to determine this integral, let us substitute in the equation the series 


Y = Cot CEH +++ +Cpt™ + +> 
and equate to zero the coefficient of #-1,. This gives a recurrent relation 
between any two consecutive coefficients 

n(y +t n—1)e,=(a+n—1)(8+n—1)en_-1; 
hence the analytic integral is the series 
ae a(at+l1 +1 
F(a, 8, y, ©) =1+ bat ( )B(B ) 2 4 
ay 1.2.y¥(7¥+4+1) 


which is called the hypergeometric series. This series is convergent in the circle, 
with unit radius about the origin as center. In order to obtain a second integral, 
let us make the transformation y= az!—-Yz. This leads to an equation of the 
same form, 


(84) 


e%, 


{ida hc eo real al ates ae 
—(a4+1—7)(@+1—y)z=0, 


which differs from the first only-in the substitution of a+ 1—y,8+1—y,2—y 
for a, B, y respectively. If 2— y is not zero nor equal to a negative integer, 
the equation (83) has therefore the second integral z1-y F(a+1—y,8+1—y, 
2—y¥, ©); and if y is not an integer, the general integral is represented in the 
circle I) by the expression 


(85) y= C,P(a,B, 7,2) + C,z-yF(a+1—y7, 8+1—vy, 2—y, 2). 
If y is an integer, the difference between two roots of the characteristic 
equation is zero or equal to an integer, and the integral contains in general 


a logarithmic term in the neighborhood of the origin. We shall study only the 
case where y =1. The two integrals 

F(a, B, y, 2), w-t F(a +1—y, B-+1— 7, 2— 4; 2) 
reduce in this case to the single integral F(a, 8, 1, 2). 

In order to find a second integral, let us first suppose that y differs but little 
from unity, say y =1—h, where h is very small ; then the equation (83) has the 
two integrals 

F(a, B, 1— h, 2), wR(ath, B+h,1+h, 2), 
and consequently the quotient 


a R(ath, B+h,1+h, «)— F(a, B,1—h, x) 
r 
is also an integral. As h approaches zero, this quotient approaches asa limit the 
derivative of the numerator with respect to h at the point h = 0. The deriva- 
tive of the factor 2 gives us a logarithmic term which, for h = 0, reduces to 
F(a, 8, 1, x)Log«. To find the derivative with respect to A of any coefficient 
in the two series, such as the coefficient 
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(a+ h)(a+h+1)--- (a+ h4+n—1) (BF A) (B+h41)---(B+h4+n—1) 
nm! (1+ h)(2+h)...(n +h) 


it is convenient to calculate first the logarithmic derivative. We find thus a 
new integral which has the form 


¥,(%) = F(a, B, 1, x) Loge 


? 


(86) 42d, UGH ++ (a+ 0-188 +1)+--(B+n—1),, 
(n !)? 
where we put 
1 1 1 1 1 
5p Se tee —_—_—— =_ eee es 

a Aree eae Vee met 

1 
—2(14 54-42). 

2 nN 


We might study in the same way the integrals of Gauss’s equation in the 
neighborhood of the point «=1, but it suffices simply to notice that if we 
replace £ by 1— a, the equation does not change in form, but y is replaced by 
a+fB8+1—y. The general integral is therefore represented in the circle T, 
with unit radius about the point 7 =1 as center by the expression 


y = C, F(a, B, a+ B+1—+%¥, 1— 2) 
i + C,(1— a) Se BIE (yi a y—B,y+1—a—B, 1— 2), 
provided that y — a — # is not an integer. f 
In order to study the integrals for values of z of very large absolute value, 
we put ©=1/t, and we are then led to study the integrals of a new linear 
equation in the neighborhood of the origin. The integrals of this equation 
are likewise regular in the neighborhood of the origin, and the roots of the 
characteristic equation are precisely a and f. If we substitute simultaneously 
z=1/t, y=tz, the equation obtained is again of the form (83), but 6 is 
replaced by a+1—vy, and y by a+1—f8. Gauss’s equation has therefore 
the integral 
x 4F (ay a+l—y,«+1-8, -). 
By symmetry it has also the integral obtained from this one by interchanging 
a and B, and therefore the general integral is represented in the region exterior 
to the circle T, by the expression 


1 1 
y=Cya-#F (a, a+tl—y,at+ 1-6,;) +0,0-0F (8+ 1—y,8,B+ 1—a,2). 
provided that a — f is not an integer. 
Note. Every linear equation of the form 
(87) (a — a) («& — b)y” + (a+ m)y + ny = 0, 


where a, b, 1, m, nare any constants (a # b), reduces to Gauss’s equation by the 
change of variable z = a + ()— a)t. For, to identify the resulting equation 


dy la +m \2 
ae 4) ae lt —ny=0 
(88) t(1 Fp ( ar at y 


with the equation (83), we need only put y =— (la + m)/(6— a),-and then 
determine @ and f by the two conditions a+B+1=1, aB=n. 
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52, Bessel’s equation. Let us consider in particular the equation 
(89) a(1—ka)y” + (c— be) y’ — ay =0, 


which has the two singular points c = 0, c = 1/k, and which can be reduced to 
Gauss’s equation by the change of variable kx =t. If we make the parameter k 
approach zero while a, b, c approach finite limits A, B, C, the singular point 
x =1/k goes off to infinity, and we obtain at the limit the linear equation 


(90) ay” + (C — Ba)y’ — Ay =0, 


whose only singular point at a finite distance fs the pointz=0. If B is not 
zero, replacing Br by x we are led to an equation of the same form, where 
B=1. Likewise, if B=0 and A is different from zero, we can suppose A = 1. 
Finally, disregarding the trivial case A = B=0, the equation (90) can be 
replaced by one of the two forms 


(91) ry’ +(y—2)y — ay=0, 
(92) ty’ +yy —y=0. 


Studying the integrals of these two equations in the neighborhood of the 
origin, as we have done for Gauss’s equation, we are led to introduce tHe two 


series a(a+1) 
1.2.¥(y¥ +1) 
1 
——_————_ 4 
1.2.¥(y¥ +1) 


which may be considered as degenerate cases of the hypergeometric series. If 
we replace in F(a, B, y, x) the variable x by kx and 8 by 1/k, the coefficient 
of a in F(a, 1/k, y, kx) approaches the coefficient of 2" in G(a, y, z) as k 
approaches zero. Similarly, the coefficient of a in F(1/k, 1/k, y, k?x) approaches 
the coefficient of x” in J(y, ©) as k approaches zero. 

If y is not an integer, the general integral of the equation (91) is given by 
the expression 


(28) y= OG (a, Y a) + C,al-yG@(a+1—y,2—-¥, z). 


G(a, y,2)=14+——a+ D2 4 .-s, 
ey, 


2 si 
’ 


1 
GME eae ae 


Likewise, the general integral of the equation (92) is 
(94) y = CJ (y, &) + C, 21-7 J (2 — ¥, 2). 


These formule are valid in the whole plane. 

If y is an integer, the general integral of the equation (92) always contains a 
logarithmic term. For example, if y =1, we obtain an integral different from 
J(1, x) by finding the limit for hk = 0 of the quotient 


wT (14h, 2) — J(1—h, 2) 
h ’ 


which gives for the general integral 


+ 
1 1\ a 
=O,F(1, 2) + 0,| 7, Log -2>°(1 aoe )aaI: 
y=C,F(1, 2) + Cz) J, 2) Loge aA ae aes Fs 


We can reduce to the form (92) a certain linear equation which appears 
in a large number of questions of mathematical physics. Let us put in the 
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equation (92) « =— t?/4; replacing y by n #1, the equation obtained is iden- 
tical with the equation already studied (§ 46), 
Py dy 
95 t— 2 1)\— +ty=0. 
3a qe OT a 
If, in this last equation, we put y =¢-"z, we obtain a new form of Bessel’s 
equation, 
d?z 
96 t 
(98) dt? 


The three equations (92), (95), (96), where y = n +1, are therefore absolutely 
equivalent to one another. If n is not an integer, the preceding development 
shows that the general integral of Bessel’s equation (96) is 


+t 4 (= ntye=0. 


{2 {2 
eo Cer (n +1,- 3) + Ont-na (1 —n, — =): 


We have shown above (§ 46) that if n is half an odd integer, the general integral 
of the equation (95) can be expressed in terms of elementary transcendental 
functions. Hence the transcendental function J(y, x) is expressible in terms of 
exponential functions if y is half of an odd integer. 


Note. The equation studied by Riccati, 


(97) ee bee = 0 


where A, B, m are given constants, can also be reduced to any one of the 
equivalent equations (92), (95), (96). Indeed, we have seen (§ 40) that the gen- 
eral integral of the equation (97) is z’/Az, where z is the general integral of 
the linear equation 
(98) ae A Brtz = 0. 
dx? 

If we make the change of variable x = \t#, where ) and u are two undetermined 
quantities, the last equation becomes 


2 
(99) (SE =u 1) — ABym 4224 DH Ie = 0. 


In order to identify this equation with the equation (95), we need only take 
p= 2/(m + 2), and determine X by the condition AB" +24? =— 1. The cor- 
responding value of n is — »/2 or —1/(m + 2). We can therefore express the 
general integral of Riccati’s equation (97) in finite terms whenever 1/(m + 2) 
is half of a positive or negative odd integer 21+ 1, that is, whenever m is equal 
to — 4i/(1 + 2%), where i denotes a positive or negative integer. 


58. Picard’s equations. Given a linear differential equation with coefficients 
analytic except for poles, we can determine by Fuchs’ method whether the 
general integral is itself an analytic function except for poles. For this it is 
necessary and sufficient: (1) that the integrals shall be regular in the neigh- 
borhood of each of the singular points; (2) that all the roots of the charac- 
teristic equation, relative to each of these singular points, shall be integers ; 
finally, (3) that all the logarithmic terms shall disappear from the expression 
for the general integral in the neighborhood of a singular point. ; 


° 


144 LINEAR DIFFERENTIAL EQUATIONS [IH, § 53 


Suppose that all these conditions are satisfied. The general integral is then 
a single-valued analytic function except for poles in the whole plane. If the 
coefficients of the equation are rational functions, there are only a finite num- 
ber of singular points a,, d,,+++, d. In order for the general integral to be a 
rational function, it is sufficient that the equation obtained by putting 7 = 1/t 
shall itself have all its integrals regular in the neighborhood of the point t = 0, 
since the general integral is single-valued and therefore cannot contain log- 
arithmic terms nor fractional powers of t. If this last condition is satisfied, we 
can obtain the general integral by equating coefficients according to the method 
of undetermined coefficients. In fact, let — m; be the smallest root of the char- 
acteristic equation relative to the point z = a;, and N the smallest root of the 
characteristic equation relative to the point t = 0 for the transformed equation. 
It is clear that the product of any integral y and the expression 


(© — ay)" (& — g)™2 +++ (& — dn)™ 


is a rational function having no poles in the finite portion of the plane. This 
product is therefore a polynomial P(z), whose degree is at most equal to 


M+ mMm,g+-+++ mM, —N. 


Since we know an upper bound for the degree of this polynomial, the coefficients 
can be determined by replacing y by an expression of the form P(x) II (x — a;)—™, 
where P(x) is the most general polynomial of this degree, in the left-hand side 
of the given equation, and then equating the result identically to zero. 

Picard has given another very important case where the general integral can 
be expressed in terms of the classic transcendental functions. Given a linear 
homogeneous differential equation, whose coefficients are elliptic functions of the 
independent variable with identical periods, if its general integral is an analytic 
function except for poles, that integral can be expressed in terms of the standard 
transcendental functions of the theory of elliptic functions. 

For simplicity in writing, let us develop the proof for an equation of the 
second order only. Let f,(z), f(z) be two independent integrals of a linear 
homogeneous equation y” + p (xz) y’ + q(x)y = 0, where p (x) and q(z) are elliptic 
functions with the periods 2 and 2w’. By hypothesis, f,(x) and f,(<) are single- 
valued functions analytic except for poles. Since the given equation does not 
change when we replace x by & + 2, f,(t& + 2w) and f,(x + 2w) are also inte- 
grals, and we have the relations 


(100) A+ 2e)= af) +2), K+ 20) =cf,(x) + (2), 
where a, 6, c, d are constant coefficients whose determinant ad — be is not zero. 
For if we had ad—be=0, we could derive from (100) a relation between f, (x +2 w) 
and f,(% + 2w) of the form C,f,(c + 2) + C,f,(e + 2w) = 0, where C, and C, 
are constants not both equal to zero. This is impossible, since f, and f, are two 
independent integrals. For the same reason, we have another system of relations 


(101) A@ + 20) = af) + 0A(@), A@+ 20) =cF(@) + A), 


where a’, b’, c’, d’ are constant coefticients, and a’d’ — b’c’ is not zero. Let us try 
to find, as in § 47, an integral ¢ (x) = \7,(x) + uf, (x) such that ¢(z + 2w) = s¢ (x). 
We have for the determination of \, uw, s the two equations 


A(a— 8) + weo=0, 0+ n(d—s)=0; 
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whence we derive the equation of the second degree for s, 
2 
F(s) = s?— (a+ d)s+ ad—te=0. 


If this equation has two distinct roots s,, s,, there exist two independent inte- 
grals $,(), ¢.() such that we have 


(102) $1(@ + 20) = 8,¢,(2), $_(@ + 2w) = 8,¢,(z), 


and the relations (101) can be replaced by the two relations of the same form 


(108) (c+ 20’) = k(t) + lpo(z), Got + 2’) = mpx(z) + nGQ(2). 


By means of the relations (102) and (103), we can now obtain two different ex- 
pressions for ¢,(« + 2w+2w’) and ¢,(e+ 2w+2w’). We have, on the one hand, 


O (2+ 2H + 20’) = 8,6,(2 + 20) = 8k, (e) + 8,1h, (2). 
On the other hand, proceeding in the inverse order, we may also write 
o(f + 20 4+ Zw’) = kd, (x + 2w) + 1g, (ce + 20) = ks, $,(£) + lsypo(). 


Since these two expressions must be identical, we have / = 0, for s, — s, is not 
zero. Similarly, by considering the two expressions for ¢,(z + 2w + 2w’), we 
find m=0. The integrals ¢,(x), $,(x) are therefore analytic functions except 
for poles, which reproduce themselves multiplied by a constant factor when the 
variable z increases by a period ; these are called doubly periodic functions of the 
second kind. Every function ¢(z) analytic except for poles which possesses this 
‘ property can be expressed in terms of the transcendental functions p, ¢, ¢, since 
the logarithmic derivative ¢’(x)/¢() is an elliptic function, and we have seen 
that the integration does not introduce any new transcendental (II, Part I, § 75). 
Moreover, we can prove this without any integration. Let ¢(x) be an analytic 
function except for poles such that 


g(t +2w)=nP(c), o(e+20)=W'o(2). 


Consider the auxiliary function y (x) = e?*¢ (x — a)/o (x), where a and p are 
any two constants. From the properties of the function o (see Vol. II, Part I, 
§ 72) we have 


Y (t+ 2) = e2er—200y (2), (t+ Qu’) = ewP—2Vvay (x), 
In order for the quotient ¢ (x)/y (za) to be an elliptic function, it is sufficient that 
2wp — 2an = Log yp, 2 w’p — 2an’ = Log p’. 


These relations determine p and a (II, Part I, p. 161). It should be noticed 'that 
we can take a=0 if Logy» and Log,’ are proportional to the corresponding 
periods 2w, 2’. 

Let us now turn to the case where the equation F'(s) = 0 has a double root s. 
We can find (§ 48) two independent integrals ¢,(z), $.(z) such that 


© (104) @(e $20) = SH,(2), hal + 2) = 84 g(2) + C4, (2). 


If C =0, all the integrals of the equation, and in particular f, (x) and f,(z), are 
multiplied by s when a is increased by 2w.- Assuming C = 0, let us try to find a 
linear combination \/,(2) + ufy(z)which reproduces itself multiplied by s’ when 
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x increases by 2w’. Starting from the equations (103), we find two independ- 
ent integrals ¢,(x), ¢,(x) such that either 


PC +20) = 8 ,(Z), HoH + 2w’) = 8),(z) 

or 

b(O+2w/)=8'b,(t), y(t + 20’) = #4412) + O'9,(2), 
where (’ is not zero. In the first case the integrals ¢,(x), ¢,(£) are again 
doubly periodic functions of the second kind. In the second case the integral 
¢,(z) alone is a doubly periodic function of the second kind. As for the inte- 
gral $,(z), the quotient $,(x)/,(z) increases by a constant C’ when « increases 
by 2w’, and it does not change when « increases by 2w. Now the function 
A(x) + Bx, where A and B are two constant coefficients, possesses the same 
property, provided that we have 

2An+ 2 Bw = 0, 2An’ + 2 Bw’ = C’. 

The difference ¢,/¢, — A¢(x) — Bz is therefore an elliptic function. 

If the coefficient C is not zero in the equations (104), we have relations between 
the integrals $,(@), $.(£), $,(@ + 2’), $.(@ + 2’) of the form (103), and we 
can again deduce from them two different expressions for ¢,(@ + 2w + 2’) 
and ¢,(e + 2w-+2w’). By writing that they are identical, we obtain the con- 
ditions 1=0,k=n. The integral ¢,(x) is again a doubly periodic function of 
the second kind, while the integral ¢, (z) satisfies the two relations 


by (t+ 20) _ $(£) ey (t+ 20) _ $0(2) mm 
o,(c+2w) G,(%) 8 go, (2 +20’) (4) k 
Let us determine just as before the two coefficients 4 and B in such a way 
that 2 Ayn + 2 Bw = C/s, 2 An’ + 2 Bw’ = m/k. Then the difference 


$2 (2) 
, (2) 
is again an elliptic function. We see, therefore, that the general integral is in 


all cases expressible in terms of the single transcendentals e*, p(x), ¢(z), o(z). 
Let us consider, for example, Lamé’s equation 


— Ag(z) — Bz 


2 
(105) <i — [n(n + ype) + Ay =0, 

where n is an integer and h is an arbitrary constant. The integration of this 
equation by Hermite was the starting point for the preceding theory. The gen- 
eral integral of this equation is a function analytic except for poles. In fact, 
the only singular points are the origin and the points 2mw + 2m/’w’. In the 
neighborhood of the origin the integrals are regular, and the roots of the char- 
acteristic equation are ” =— n, r’ =n+1. Their difference is an odd integer, 
and the coefficient of y is an even function; therefore the expression for the 
general integral does not contain any logarithmic term (see ftn., p. 137). 


54, Equations with periodic coefficients. In many important questions of 
mechanics, linear equations with periodic coefficients occur. We shall indicate 
rapidly their more important properties. Let 


an qn-l 
Yin p y 


106 poe 
oe din © ~} dip-1 


+--+ + Pay =0 
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be a linear equation whose coefficients are continuous functions of the real 
variable t, having a period w, which we may always suppose positive. If the 
integrals y,(t), yo (t),---, yn(t) form a fundamental system, it is clear that 
Yi(E+ w), Yo(+),---, Yn(t+) are also integrals of the equation (106), 
since that equation remains unchanged when we replace t by t+. Hence 
we have n relations of the form 


(107) Yi(l + w) = Gr1y1(t) + Gi2ye() + +--+ + Ginyn(C). (ea rare ce 0) 


The determinant H of the coefficients ay is different from zero. For, by 
repeating the reasoning of page 129, we find that this determinant has the value 


= a) dt 
(108) exalt ae 


The equations (107) define a linear substitution with constant coefficients, 
whose determinant is not zero. We are therefore led to a study entirely similar 
to the one which has already been made in detail in §§ 48, 49. Instead of 
making the complex variable x describe a circuit in the positive sense around a 
singular point a, the variable ¢ describes a segment of the real axis of length w. 
It follows from that study that we can always choose a fundamental system of 
integrals such that the relations (107) reduce to a simple canonical form. The 
actual formation of this system depends first of all on the solution of the 
characteristic equation 


a1—8 Qy2 sil An 
a21 a22 — $ OO ag 
(109) F(s) = NG id 105 
Ani An2 USS Ann — § 


All the roots’of this equation are different from zero, since their product is 
equal to the determinant H, whose value we have just written down. If the 
n roots of that equation are distinct, there exists a fundamental system of 
integrals such that the equations (107) take the form 


(110) Y(t + w) = 8,Y,(), +++, Yn(b + ©) = 82:Yn(C). 


If the equation (109) has multiple roots, we can always find a fundamental 
system of integrals which separate into a certain number of groups such that 
the p integrals y,, ¥, +++, Yp of the same group satisfy relations of the form 


y(t + ) = sy, (0), 
t+tw)=sly,O+ y,(¢ 
Yp(t + w) = 8[Yp (4) + Yp-1 (9). 

In order to find expressions for these integrals, let us seek first the general 
form of a single-valued continuous function f(t) such that f(¢+ w) = sf(t), 
where the factor s is not zero. Let a be a determination of (1/w) Logs. It is 
clear that the product f(t)e-%* has the period w; hence f(t) is of the form 
f(t) = ett (t), where (t) is a continuous function with the period w. Accord- 
ingly, if s; is a root of the characteristic equation, we shall put a; = (1/w) Log s;. 
The constants a;, which are determined except for multiples of 24 V—1/w, 
are called the characteristic exponents. The real parts of these exponents, which 
are determined without ambiguity, are called the characteristic numbers. If the 
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equation (109) has n distinct roots 8,, 8,, +++, 82, the equation (106) has then n 
independent particular integrals of the form, .. 
(112) Gripes 6% py (t), Upham €%2' bo (t), es Yn = €8n' dy (t), 


where @,, @,-++, & are the characteristic exponents, and where $1, $9, +°*, $n 
are continuous functions with the period w. 

In the general case it is evidently sufficient to find expressions for the 
integrals of a group which satisfy the relations (111). Now if we substitute in 
these relations y; = e**z;, where a is equal to (1/w) Log s, they become 


Z (t+ w) = 2, (0), . 

(1114 @ (¢ a5 w) = %, (t) a: Ay (t), 
Zp (t+ w) = Zp(t) + Zp-1i()- 

When t increases by w, the variable tr = t/w increases by unity. Taking t fora 

new variable, the problem is reduced to one solved above (§ 49). If we set 


t({— w)---({—iw + w) 


wi! 


Pi(t) = @=1, 2, +++, p) 


the general expressions for the functions y,, Y,,---+, Yp are 


Y,=e*G,(), Yo =e*[PiHHO+ 4), +5 
(113) < yi(t) = e**[Pi_i(t) O,() + Pi-2)O.Q) +--- + PLO Gi + %O), 
G=L 2, +++, Dp) 


where ¢,, $.,°++,%p are continuous functions with the period w, the first of 
which, ¢,(), is not zero. We see again here, as in § 49, that all these integrals 
can be deduced from the last one of the group. For z,_1(t) is equal to the 
difference zp (t+ w) — z(t), and, similarly, z —2(¢) = Z-1(t + w) — Zp-1(é), and 
so on. We can therefore write the equations (113) in the form 


Yp(t) =erz,(t), 
Yp —1 (t) = e** A, (Zp), 
(114) Yp —2(t) = ert A, (%), 

y(t) = e*A,-1(%), 
where A, (Zp), A, (Zp), +++ indicate the successive differences of z, (¢) when we 
change t tot+w. Let us observe that z, (¢) is a polynomial in ¢ of degree p—1, 
whose coefficients are periodic functions of t. The successive differences A, (zp), 
A, (Zp), +++ are therefore polynomials of the same kind with decreasing degrees, 
the pth difference being zero. Let us indicate by Dz,, D®zp),---, Déz, the suc- 
cessive derivatives of z, taken with respect to t, considering the coefficients of 
this polynomial as constants. From the theory of finite differences, we know 


that the successive differences A,(Zp), A, (Zp), +++ are linear combinations with 
numerical coefficients of the derivatives Dzp, D?z,,+++, Diz,, and conversely.* 


* Without resorting to this theory, we may observe that Taylor's formula gives us, 
step by ste = 
p oy Pp, Ai (Zp) = @' Dizpt +++, 
where the terms not written contain only the derivatives Di+1,---. We can there- 
fore express, conversely, the derivatives D‘zp as linear functions of the differences 
Ai, Ai+1, °° 
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We can therefore replace the system of integrals (114) by the equivalent system 


Yp(t) = erzp(t), 
Ye 1(¢) = 6% Den, 
(115) Yp—2(t) = e%D2z,, 


Went wes 
YQ =e Dr—lap. 


Note 1. The integrals of the group (113), corresponding to the characteristic 
exponent @, approach zero when t becomes infinite passing through positive 
values, if and only if the real part of @ is negative. In order that all the inte- 
grals of the equation (106) shall approach zero as ¢ becomes infinite, it is there- 
fore necessary and sufficient that all the characteristic numbers shall be negative, 
or, what amounts to the same thing, that the absolute value of each of the roots 
of the equation (109) is less than unity. 


Note 2. If s is a real positive root of the equation (109), it is natural to 
take for @ the real determination of (1/w)logs. If the coefficients of the equa- 
tion (106) are real, the same thing will evidently be true in this case of the 
integrals ¥,, Y,--+; Yp of the group (118) and consequently of the periodic 
functions $,(¢), $,(t), +--+. 

Let s=A+u4V—1 be ap-fold root of the equation (109), where » 4 0, and 
let a= & ta’ V—1 be a corresponding determination of the exponent a. To 
the group of integrals (113) we can adjoin a conjugate group obtained by replac- 
ing a by a — & V—1 and the functions ¢;(t) by the conjugate functions. It is 
clear that by combining these 2p integrals linearly in pairs we can derive from 
them a system of 2 real integrals. 

Finally, suppose that s is a real negative root. Then we can write the value 
of a= @& + (r/w) V—1, and to that root corresponds a particular integral of 
the form 


y = ext (cos™ + V—Il1sin =) CA (t) + Vay, (t)), 


where the functions y, and y, are real and periodic. If the coefficients of (106) 
are real, it is clear that the real part and the coefficient of VV —1 must each 
satisfy separately the linear equation. We would proceed similarly with the 
other integrals of the group (113) if p is greater than unity. 

Moreover, the case where s is real and negative reduces to the case where s 
is real and positive by considering the period 2w instead of the period w, It is 
clear, in fact, that if an integral is multiplied by s when we change ¢ tot + w, 
it will be multiplied by s? when we change ¢ to tf + 2. 


Note 3. When the coefficients p; are analytic functions of the complex vari- 
ablet=t+ U”’ eG analytic in the strip R included between the two parallels 
to the real axis t” = + h, the integrals of the equation (106) are analytic func- 
tions in the same strip. The reasoning used under the supposition that the 
variable t moves along the real axis applies without modification to the case 
in which that variable moves in the strip R. It follows that the functions ¢;(t), 
which appear in the expressions of (113), are periodic analytic functions in the 
strip R. They can therefore be developed in series of sines and cosines of 
multiples of the angle 2 wt/w (see Vol. II, Part I, § 65). 
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55. Characteristic exponents. The investigation of the characteristic exponents 
is in general very difficult.* The solution ofthis problem evidently reduces to 
the determination of the coefficients aj, which appear in the equations (107), 
which, in turn, is equivalent to the following: knowing the initial values, for 
t =t,, of the n integrals y,, ¥,,+-+, Ym and their first n—1 derivatives, to find 
the values of these integrals and of their derivatives fort =t, +. The coeffi- 
cients a; are then obtained by the solution of the n systems of linear equations 


Yi (to + w) = Gi Y1 (to) + Gi2Y2 (to) +--+ + Gin Yn (to) 
(116) YP (to + w) = air yy” (to) + +++ + Gin Yn? (to)- 
Pal, 259 a=)” CH= 2 


We cannot in general solve this last problem except by the use of general 
methods, for example, by successive approximations. Let us replace p; by Xp; in 
the equation (106), where \ denotes a variable parameter, and then develop in 
powers of \ the integral of that equation which together with its first (n — 1) 
derivatives takes on preassigned values independent of \ fort = t,, 


(117) y =Sy(t) + A) + FOF os 


where f(t) is a polynomial in t, of degree n —1 at most, which can be written 
down immediately from the initial conditions. Substituting this value of y in 
(106), we see that the other coefficients f(t), f, (1), -- -are determined, step by step, 
by relations of the form 

UNE 

eae 
in which the right-hand sides depend only upon the functions f,, f,,---, 4-1, 
and upon their derivatives. Moreover, these coefficients, together with their first 
n —1 derivatives, must vanish fort =¢,. Hence these coefficients can be found 
by quadratures. We have already noticed (§ 28) that the series obtained is con- 
vergent for any value \. If we put \ =1 in the relation (117) and in all those 
which we obtain from it by differentiation, we shall have the developments of 
the integral under consideration and of its derivatives in series which are con- 
vergent for all real values of t. Hence we can obtain in this way the quantities 
(ty + w), y§” (ty) + w) which appear in the equations (116), and consequently 
we can determine the coefficients aj. 


$[t, fi, fi, ep ‘J, 


Example. Let us consider, for example, the equation 
118 — 4 — pit 
(118) =pi(t)y, 


where p(t) is a continuous function of ¢ with the period w. The product of 
the roots of the characteristic equation is here equal to one, by formula (108). 


* When the coefficients p: are analytic integral functions of the complex variable ¢, 
the change of variable e?™/e—z% replaces the given equation by a linear equation 
whose coefficients are single-valued in the neighborhood of the origin, and we are led 
to study the law of the permutation of the integrals when the variable x describes 
a loop around the origin. But the equation thus obtained is not in general of the 
Fuchs form. 

{If we allow the parameter } to have any value, it follows, from the process used 
above, that the coefficients aix, and consequently the coefticients of the characteristic 
equation, are integral functions of this parameter. 
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That equation is therefore of the form 
(119) s?— As+1=0. 


In order to determine the coefficient A, let us denote by f(t) and ¢ (t) the inte- 
grals of the equation (118) which satisfy the initial conditions (0) = 1, f” (0) 
¢(0) = 0, ¢’(0) =1. From the relations 


FE + 0) = af) + 424 (b, 
o(t+ w)= ay, F (t) + Ago (t), 
$ (E+ w) = Aq, f(t) + O92 9'(6), 
we derive, by putting {= 0, a,, =f(w), d.,=¢’(w). The characteristic equation 
in this special case is 
“ pgs (21 — $) (@gq — 8) — Ay2 4p) = 0, 
whence A = 41, + Gy, = f(w) + $’(w). 
If we now replace p(t) by \p(t), we obtain the developments of the otis 
J (t), ¢(é) in the form 
FOQ=1E MOF EMA Hs 
p(t) = t+ Ag (t) +--+ + MGalt) +--+, 
where the functions f, and ¢,, together with f, and ¢,, vanish fort = 0. Substi- 


tuting these developments in the two sides of the equation (118), after having 
replaced p by Ap, we find 


<9 
Ge =P O10), 


whence we derive the recurrent relations 


f= [tf POhr-Oa, on) = fat f PW on—rOae 


which enable us to calculate step by step all these functions by starting with 
J, (t) =1, $9 (t) =¢. It follows that we may write 


d? hn 
at? 


= P(t) dn—-1(t), 


+o 
(120) A=2+ > [falo) + %()]- 
n=1 
If the function p(t) is never negative, we see at once that all the functions 
In (t), dn(t), %, (t) are positive fort >0. It follows that A > 2, and the equa- 
tion (119) has two real and positive roots, one greater and the other smaller 
than unity. The conclusion is much less evident in the other cases. If p(t) 
never takes on a positive value, it follows from a thorough study made by 
Liapunof * that the absolute value of A is less than 2, if the absolute value of 


wf pat 


is less than or equal to 4. The equation (119) has in this case two conjugate 
imaginary roots, the absolute value of each of which is unity. 


*Liapunor, Probleme général de la stabilité du mouvement (Annales de la 
Faculté des Sciences de Toulouse, 2d series, Vol. IX, p. 403). On the general theory 
of linear equations with periodic coefficients, in addition to the preceding paper, see 
also Floquet’s Annales de VEcole Normale supérieure, 1883, and Poincaré’s leks Méthodes 
nouvelles de la Méchanique céleste (Vol. I, chap. iy). 
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IV. SYSTEMS OF LINEAR EQUATIONS 


56. General properties. Most of the theorems established for a 
linear equation can be extended without difficulty to systems of 
linear equations in several dependent variables. We shall assume 
in what follows, as we may without loss of generality, that these 
equations are of the first order (§ 22). Let y,, y,,---, y, be the n 
dependent functions, and « the independent variable. It follows 
from a general theorem (§ 37) that the.integrals have no other 
singular points than those of the coefficients. If we assign the 
initial values 7, y3,---, y? for a point = x, which is not a singu- 
lar point, we can follow the analytic extension of these integrals 
along the whole of any path starting from x, and not passing through 
any of these singular points, which are known in advance. 

We shall suppose, only for simplification in writing, that we have 
a system of three equations with three dependent variables. Let us 
consider first the system of three homogeneous equations, 


Yt ay + be + ou =0, 
1 dz 
(121) Tn tu + he + ou = 0, 
d 
ae t tay + bye + 0,u = 0, 


where a, b, c,--- are functions of the single variable x. If we know 
a particular system of integrals (y,, z,, u,), the functions (Cy,, Cz,, Cu,) 
also form a system of integrals for any value of the constant C. 
Similarly, if we know two particular systems of integrals, (His %y %,) 
and (¥,, 2, U,), we can derive from them a new system of integrals 
depending upon two arbitrary constants, 


Coy, Feo C12, + Cy.) Cyu, + Civ, 
Finally, if we know three particular systems of integrals, 


Yy» oy u,), (Yoo ®o) Wy), (Ys a) Us), 
the equations 
(122) z= C2, + C,2,+ C,%,) 


‘ = CLY, + CoY + CyYgs 
u= Cu, + Cu, + Cru, 


represent also a system of integrals, where C,, C,, C, are arbitrary con- 
stants. In order to assert that the expressions (122) represent the 
general integral of the system (121), we must make sure that we can 
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choose the constants C,, C,, C, in such a way that, for ‘a given point 
x =x, not a singular point, y, z, w take on any preassigned values 
Yor %» Uy Whatever. In order for this to be true, it is necessary and suf- 
ficient that the determinant of the nine functions y,, z,, wu; (¢=1,2,3), 


Ys og us 
A=ly, 2 

Ys % Us 3 
shall not vanish identically. If this is true, we shall say that the set 
of three particular systems of integrals form a fundamental system. 


If A vanishes identically, the three particular systems of integrals reduce to 
two, or even to a single system. Suppose, first, that not all the first minors of A 
vanish simultaneously, for example, that the minor 6= y,z, — y,2, is not identi- 
cally zero. Let A be a region of the plane where 5 does not vanish. We shall 
determine two auxiliary functions K, and K,, analytic in the region A, such 
that we have 


(123) ¥3 =Kyy, + Kyy,, 2, = K,z,+ K,%, 


and since the determinant A is zero, these functions K, and K, also satisfy 
the relation 


(124) Us = Kyu, + Ky ty. 


If we replace y, z, and wu in the first two equations of the system (121) bythe 
preceding expressions for y3, z,, u;, observing that (y,, 2,, u,) and (¥,, 25, Us) 
form two particular systems of integrals, we obtain, after simplification, the 
equations WOKE Hye ea: 2, Ki + 2,K, =, 
from which we derive K] = K,=0. The functions a and K, are therefore 
constants, and the relations (123) and (124) remain true in the whole region 
of existence of the functions y;, zi, uw. It follows that the system of integrals 
(Yz3 2g, Ug) is a combination of the other two. 

If all the first minors of A vanish identically, the three systems of integrals 
reduce to a single system. Since the elements of A cannot all vanish simul- 
taneously, let us suppose that y, is different from zero, and let us put y, = Ky,. 
From the relations y, 2) — 2, V2 = 0, Y,U, — U,Y_ = 9 we derive also z, = Kz,, 
u, = Ku,. Replacing y, z, u in the first of the equations (121) by Ky,, Kz,, Ku, 
respectively, there remains y,K’=0. Hence K is constant, and the system 
(Yo) Zg) Uy) differs from the system (yj, Z,, ¥,) only by a constant factor. Similarly, 
the third system of integrals is identical with the first. It should be observed 
that ¥,, Yo, Yz, are not necessarily linearly independent; for example, ove or 
two of these functions may be zero, but not all three may be zero. 

The value of the determinant A may be calculated as follows. The derivative A’ 
is the sum of the three determinants 


, “ if 
Yy 2% Uy Yy 2% Wy yy % et 
7 
N=ly, 2% Uslt|¥2 2% Ueltly2 % Us|: 


Yg 2% Us Yg 2% Uy Ya %y Us 
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Replacing the derivatives yj, 2;, u;, by their values obtained from the equations 
(121), these three determinants redure, respectively, to — aA, —b,A, —c,A. 
We have, therefore, the relation A’ =— (a + b, + ¢,) A, and Coteeaenes 


(125) A(z) = A (a) en Ott ODM, 


When we know the general integral of the homogeneous system 
(121), we can deduce from it by quadratures the general solution of 
the non-homogeneous system 


] . 
ot ay + be + ou = f,(2), 


dz 


(126) 


+aytbe+eu=f,@), 
du 
dx + any + bye + eu = f(x). 


Indeed, me we make the change of variables defined by the equations 
(122), C,, C,, C, being considered as new dependent apy 25 the 
system es is Genlaced by the following system, 


dC, 


Y oe + Y, oe + Ys i = f(z); 
dC 
Ce “1 Fie pie a Ug “ie = Fx)» 
dC ae: 
U, ar + u, or + 4u, = f,(2), 


which is integrable by quadratures, for we derive from it 


a =_X;. (4 =1, 2, 3) 
Let us also observe that this transformation is unnecessary whenever 
we can determine directly a particular system of integrals (Y, Z, U) 
of the equations (126). In order to obtain the general integral 
of these equations, we need only add Y, Z, U, respectively, to the 
right-hand sides of the equations (122) which represent the general 
integral of the homogeneous system (121).* 


* A method analogous to that of Cauchy (§ 39) may also be employed. Let 
y= Pile, @), z=Yi(z, Q@), U=Ti (x, @) (i=1, 2, 3) 


be three systems of integrals of the homogeneous equations (121), satisfying, respec- 
tively, the initial condition 


11%, @)=1, (a, @)=0, = (@, a) =0, 


$2(@,a)=0, Yo(a,a)=1, (a, @)=0, 
$3 (@, Q@) = 0, Ys (@, Qa) =e 0, Ts (Qa, a) i 
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When we know one or two particular systems of integrals of the 
equations (121), we can lower the order of the system by one or two 
units. Suppose, first, that we know a single system of integrals 
(Yy» %) U,), Where the function y, 18 not zero. The change of 
dependent variables 


y =y,%, 2=2,Y+Z, u=uY+U 


leads to a linear system of the same form which must have the par- 
ticular system of integrals Y=1, Z=0, U=0. Therefore the 
coefficients of Y in these new equations must be zero. In fact, the 
transformed system is 


d 
AG +bZ+cU=0, 
dZ adY 
(128) Waa Fig 12 =O, 
elie eT eae U=0 


If we replace dY/dx in the last two equations by its value derived 
«from the first, we obtain a system of two linear homogeneous equa- 
tions in the two dependent variables Z and U. After integrating 
this system Y can be obtained by a quadrature. 
Suppose now that we know two independent systems of integrals, 
(Yq 2 Uy)» (Yor %q) Uy). Since the three determinants 


ey ae ba Ya ae Yap #,U, — Uy 


de not vanish simultaneously, as we have shown above, let us sup- 
pose that y,z, — y,#, is different from zero. The transformation 


y=y,Y+y,Z, z2=2,Y+2,Z, U=U,Y+u,Z+U, 


where Y, Z, U are the new dependent variables, leads to a linear 


system of the same form having the two particular systems of 


It is easy to see that the functions 
r= f “Ly (at) b(t, ©) + fo (@) 9 (2, @) + fg (a) $5 (#, a) dar, 
a= [uw W(x, &) +S (&) Wo (x, &) +g (@) Ws (2, a) ]dax, 
v= fie (2, @) + fo () Me (&, a) + fg (a) Tg (x, a)] da 


form a system of integrals of the non-homogeneous equations (126). 
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integrals (Y,=1, Z,=U,= 0), (Y¥,=0, Z,=1, U,=0). The coefii- 
cients of Y and Z in the equations of, the new system must therefore 
be zero, and this new system has the form 


dY AZ dU 
rege. Wat, bet ee Ge +4 =% 


as is easily verified. It is clear that this system is integrable by 
' quadratures, since the last equation contains only U. 

The preceding methods may be extended to systems of n linear 
equations with n dependent variables. In order to obtain the general 
integral of such a homogeneous system, it is sufficient to know n 
particular systems of integrals which form a fundamental system. 
If we know p independent systems of integrals (p <n), the integra- 
tion reduces to that of a system of the same form with n— p 
dependent variables and to a number of quadratures. Finally, the 
general integral of a non-homogeneous system can be obtained by 
quadratures if we know the general integral of the corresponding 
homogeneous system. 


57, Adjoint systems. ‘Given a linear homogeneous system with n dependent 
variables, 


oo CY; é 
(129) = Wr Y1 $eee + MeYe + +++ + GnYn, (i, k=1, 2,-*%, n) 
the linear system 
(180) ee Ea oy eK emer et Yn, 


which is obtained from the first by replacing y; by Y;, and by changing the 
rows into columns in the determinant of the coefficients a;z, after having changed 
the sign of each element, is called the adjoint of the first. It is evident from the 
definition itself that this relation is a reciprocal one between the two systems. 
The integration of one of the systems (129), (130) involves that of the other. In 
fact, let (yy, Yg)-+*, Yn) and (Y,, Y,,-+-, Yn) be any two particular systems of 
integrals of the two adjoint systems. From the relations (129) and (130) we have 


d 
ay (ris t Fava t +++ Ynyn) =D ¥i(aan Hse + GRY + ++ + GinYn) 
i 
+> u(- ayy Yy — +++ — Oi Fu— +++ — Oni Yn). 
i 

If we permute the indices i and-& in the second sum, we see immediately that 
the coefficient of Y;y; on the right-hand side is 

ain — Ax = 0, 


and the right-hand side is identically zero. We have therefore the relation 
between these two particular systems of integrals 


(181) YyUy + Youve + ++ + Yutn =O, 


— 
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where C denotes a constant. The knowledge of a particular system of integrals 
(¥Y,, Y2, +++, Yn) of the equations (130) furnishes therefore a first integral of 
the system (129), which is linear with respect to the dependent variables Uasvies 
+++, Yn. If we know the general integral of the adjoint system (180), the gen- 
eral integral of the given system (129) is represented by n relations of the form 
(131), where we take successively, for Y,, Y,,-++, Yny.a set of n independent 
systems of integrals of the equations (180). ee 

Particular attention has been paid to linear systems which are identical 
with their adjoint. In order to have this case, it is necessary and sufficient 
that the determinant of the ay be a skew symmetric determinant; that is, that 
we have a+ aj; = 0, whatever may be i and k, and consequently aj = 0. If 
(Yys Yor ***s Yn) and (21, 2,+++, Zn) are two particular systems of integrals, the 
yelation (1381) becomes 


Y1 2 + Yo + +++ + YnZn = Const.; 


and if the two systems are identical, we have also 
Yityet-+++y?2 = const. 


The integration of a linear system of the third order identical with its 
adjoint leads to the integration of a Riccati equation (§ 31, Ex. 2). The inte- 
gration of a system of the fourth order of that kind leads to the integration of 
two Riccati equations (see Ex. 15, p. 170). 


58. Linear systems with constant coefficients. If all the coefficients 
a, b, c,--+ of the equations : 


“Yay + bz +cu =), 
dz 

(132) a +aytbe+eu=0, 
St ayy + bye + 6u = 0 


are: constants, the general integral can be found by the solution of 
an algebraic equation, For let us try to satisfy these equations by 
taking for y, z, w expressions of the form 


(133) aa ae, 2== Be”, Teal 


where a, B, y, 7 are unknown parameters. Substituting these func- 
tions for y, z, w in the left-hand sides of the equations (132), and 
suppressing the common factor e”, we find the conditions 


(atrya+bBt+ cy = 0, 


(134) aa+(b,+r)B+ey=9, 
a a+b, +(¢,+7r)y = 9%, 
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which must be satisfied by values of a, B, y which do not all vanish. 
For this it is necessary and sufficient that r shall be a root of the 
equation of the third degree, 


a+r b c 
(135) F(r)=| a, b+r c, |=9, 
a, b, Carat 


which is called the auwiliary equation. Having taken for r a root of 
this equation, the relations (134) are consistent and we can deduce 
from them values for a, B, y, at least one of which is not zero. 
To every root of the equation F(r)=0 corresponds therefore a 
particular system of integrals of the form (133); there may even be 
several, as we shall see presently. If the auxiliary equation has 
three distinct roots r,, 7,, 7,, each one furnishes a particular system 
of integrals. These three systems are independent, for, if they were 
not, we could express e’s* as a linear combination with constant 
coefficients of e* and of e”*, which would be absurd. We can there- 
fore, in this case, obtain the general integral of the system (132) 
after we have solved the equation F(r) = 0. 

It remains to treat the case in which the auxiliary equation has a 
multiple root. Let us denote by f(r), $(7), ¥(7) the three cofac- 
tors of the auxiliary determinant corresponding to the elements of 
the same row, for example, the first. The last two equations of 
the system (134) are always satisfied for any value of r by taking 
for a, B, y quantities proportional to these cofactors; if 7 is a root 
of F(r) = 0, these values of a, B, y also satisfy the first of the equa- 
tions (134). It follows from this that if r is a root of F(r)=0, 
the functions 


y=f(r)e*, z= ¢(r)je™, u=y(r)e™ 
form a particular system of integrals. Now let us suppose first that 
the equation F(r) = 0 has two roots, 7, and 7,, whose difference is 


very small. Each of them furnishes a system of integrals, and the 
functions 


J (%) ert F(”) aye re) (72) erat > (71) ee ¥ (72) ent — y (71) en 


r—?r eer a ae 
2 1 ": " ¥ 4 sai 


are also integrals. If we now let r, approach 7, and pass to the limit, 
we may conclude that if r, is a double root of F(r) = 0, the two 
groups of functions, 


QD H=fDe  _=eCey  waurer, 
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H=ZUOM ben %=Zb Oe han 
a) 
y= EVO) hanp 


form two systems of integrals. Similarly (see § 44), if the equation 
F(r) = 0 has a triple root 7,, we can add to the preceding two groups 
the group of three functions, 


CF 
Ye= 537) LA hates 2,= 55 EXOT elrded 
(II) us a 


o 
Ao or? [y (7) 6 yar,) 


which form a third system of integrals. 

Let us now consider first the case where the equation F(7r) = 0 
has a double root 7, and a simple root r,. If the double root 7, does 
not cause all the first minors of the auxiliary determinant to vanish, 
we may suppose that at least one of the cofactors f(r,), $(r,), ¥(7,) 
is not zero;*for we can evidently replace, in the reasoning which pre- 
cedes, the first row by the second or the third. Suppose, for example, 
7 J(r,) # 90. The two systems of integrals (I) and (II) are independ- 
ent, for y, is equal to the product of e* and a binomial of the first 
degree xf(r,) + f"(7,). As for the simple root r,, it furnishes a third 
system of integrals which, for the same reason as above, is not a 
linear combination of the first two. 

The reasoning fails if the double root 7, makes all the first minors 
vanish, for the system (I) reduces to the trivial solution 


Y, = %,=4,=0. 


But in this case the three equations (134) reduce to a single equa- 
tion when we replace in it 7 by r,. If, for example, ¢ is not zero, 
they reduce to the single equation (4 + 7,)@ + 0B + cy = 0, and we 
can take the two constants @ and £ arbitrarily. If we take, first, 
(a=1, B=0), then (2=0, B=1), we obtain two independent 
systems of integrals of the form (133). A double root of F(r)=90, 
therefore, always furnishes two particular independent systems of 
integrals. 

Suppose, finally, that F(7)=0 has the triple root r=7,. If this 
root 7, does not cause all the first minors of the determinant to 
vanish, we may suppose, for example, that f(7,) is not zero. The 
three particular systems of integrals (I), (II), (III) are independent, 
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for the coefficients of e%” in y,, y,, y, are respectively of degrees 
0,2, 2 inher = 

If the triple root 7, causes all the first minors of the determinant 
to vanish, we can determine first of all two independent systems of 
integrals of the form (133), as we have just explained in regard to 
the case of the double root, and we can then obtain the general 
integral if we can find a third system independent of these two. 
Developing the expressions in (III), and noting that 

SmP=eM=¥)=9%, 


we find | 
y,= 8 [2afl\ry tf", =e" (2267) +O"(7,)), 
u, = er" [2a0p'(r,) + w"(r)], 


and this system of integrals is certainly independent of the first 
two unless. we have at the same time f'(r,) = $'(7,) = y'(r,) = 0. 

Hence we obtain in this way a new system of integrals, unless the 
triple root 7, also causes the derivatives of all the first minors to 
vanish. Now this cannot happen, as we see at once, unless we have 


b=c=a,=0,=4,=b,=0, a=b=a=—Tr, 
and the. system (132) reduces to three identical equations, 


dy dz du 
——ry= 0, ca = fe =a, FE alam 
In this case, which may be considered as a limiting case, the three 
equations (134) are satisfied identically, when we replace r by r, in 
the expressions of (133), for any values whatever of the parameters 
a, B, y. Summing up, to a triple root of the auxiliary equation there 
always correspond three particular independent systems of integrals. 
Generalization. Similarly, a system of n linear equations with constant 
coefficients 
dy, 
Fry Fy Yy + yy Yo + oes FAinYn = 0, 
_ (136) Ge 


dyes . 
=e + On Y1 + UnaY2 + +++ + AnnYn- =, 
may be integrated by finding particular systems of integrals of the form 


c (187) Yi aye, Y= a er, a Yn = Ape", 


where a, @,+++, @m, 7 are unknown constants whose values are to be deter- 
mined. We are thus led ta n equations. of condition 
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(411 +17) 1 + Oy. @ +4++ + dinar = 0, 
(138) My & + (Agg + 1)Ay + +++ +A2nar =, 
Ant AY + Ane 2+ +++ + (Aint 7) a, = 0, 


which give for the unknown quantity r the auxiliary equation 


lay,+7 Qy9 Sets Qn 
(139) FS he ites ewe es? 4) S201 
Ani Anz so* Onn +1 


If this equation has n distinct roots r,, r,, +++, Tn, we obtain by this method 
n particular systems of integrals of the form (137) and, consequently, the gen- 
eral integral. If there are multiple roots, the discussion is somewhat more 
complicated. Let r, be a p-fold root; to obtain from this root particular sys- 
tems of integrals ot the equations (136), we may proceed in two ways. On the 
one hand, applying d’Alembert’s method, as in the case of three equations, we 
can obtain p systems of integrals corresponding to that root. These integrals 
will be independent only if r, does not make all the first minors vanish. On the 
other hand, if r, makes all the minors formed from n— gq +1 rows of the deter- 
minant vanish, without making all those of n — qg rows zero, that root furnishes 
q systems of integrals of the form (137), for the n equations (188) reduce to 
n—q independent equations when we replace r by r,. Combining these two 
methods, we find that they always furnish p independent systems of integrals. 

Practically we can obtain all these systems by equating coefficients. In fact, 
by the combination just mentioned we should obtain a system of integrals 
depending upon p arbitrary constants, which is of the form 


Le erx* P, (x), Y2 = e1* P, (x), veies Yn = Ciial tex), 


where P,, P,,---, P, are polynomials of degree p — 1 or of lower degree. If 
we leave the coefficients of these polynomials as unknown, and if we substitute 
in the given equations, we shall obtain a certain number of relations between 
these coefficients, which enable us to express all of them in terms of p of them, 
which may be taken as arbitrary constants. 


59. Reduction to a canonical form. Every linear system with constant coeffi. 
cients can be reduced to a simple canonical form the integration of which is 


immediate. 
Let us write this system under a slightly different form, 


Y= Ay Vy + Ugo + ++ + UnYns 
(140) Yo = Ug Yq F qq Vo + +++ + AanYns 
?. ¢ Lt ° . . *9 


/ 


Yn = Ani Y1 + An2 Ve + eee + Gann 


where y; denotes dy;/dr. If we take n dependent variables, Y,, Y,,---, Yn, 
linear in terms of ¥,, Yg,°+*, Yn) 


(141) Yu = bay, + +++ + binYns (i=T, 2,+--, n) 
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where the coefficients bz are constants whose determinant is different from 
zero, the system (140) is replaced by a system of the same form, 


Yj = Ay, ¥, + AY. + +--+ Ain¥n, 
(142) Yy = AY, ote AgYs Bea AonYn, 


Vie AnY, + ana ey =f airak ar Anny ny 
obtained by replacing the variables y,, y2,--*, Yn, in the expressions for Yi, 
Yj = day tee + bingy = diay %1 + +++ + GinYn) + °° 
=F Din (Ani Vy + -+++ Grr Yn)s 

by their values given by the equations (141). If we consider the equations (140) 
as a linear substitution carried out on the variables y,, Y.,--+, Yn, and Y,, ¥2, 
..., Y,, as n new variables, the preceding calculations are precisely those which 
we must make in order to find the new linear substitution on the variables 
Y,, Yo.+++; Yn, which corresponds to the linear substitution (140). Now we 
have seen that by suitably choosing the variables Y; (§ 48) we can reduce every 
linear substitution to a simple canonical form.* In this canonical form the 
variables separate into a certain number of distinct groups, such that the 


substitution which the p variables Y,, Y,,---, Y, of the same group undergo 
is of the form 
(148) Vi 8243 ¥, = $Y +25) 25 Y, =8(Yp-1+ Bk 


We can therefore, by a suitable change of variables of the form (141), always 
reduce the integration of the system (140) to the integration of a certain num- 
ber of systems of the form (143), where Y; = dY;/dz. 

The integration of this system is immediate, but it is preferable to employ a 
somewhat different canonical form. For this purpose let us set Y; = s'z;(s #0). 
The system (143) becomes 


dz dz 
(144) aa eet =a Ge ep t Zp-1- 


This new canonical form is unchanged if we multiply all the dependent vari- 
ables by a factor ed”, except for the change of s to s + ); and it is applicable 
also to the case where the auxiliary equation has zero for a root. 
The general integral of the system (144) is represented by the equations 
gi-1 gi —2 
ze s* = C,; ———_ + C,, —___ 
*C=T) GSH 


or by equivalent equations obtained by solving for the constants 0; 


+--+ G10 + 0; (t=1, 2, +++, p) 


(145) ze-"=0,, (@,—2z,)e-"=C,, (2.— ey + anlee = O;; 


ae yey te 
em teat tina et (HI yn pen ae GSLs) 


* We supposed before that the determinant of the substitution was not Zero, 
whereas the determinant formed by the coefficients ax may be zero. But if we 
change yi to eA z;, the coefficients (41, 422, ***, Ann are diminished by \, while the 
aik’s, Where i ~ k, do not change. We can therefore always choose \ in such a way 
that the determinant of the new coefticients shall not be zero. 
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60. Jacobi’s equation. Let us consider again a system of three 
linear equations with constant coefficients, which we shall write in 
the form 


dx 
He ot ly t &, 


dy 
(146) =a =ae+by+ez, 
dz 


We oak + by + ¢.2, 
where ¢ denotes the independent variable. Let us add these three 
equations, after having multiplied them respectively by ydz — zdy, 
ada — xdz, xdy — ydx. The relation obtained is 


(147) eal + by + cz) (ydz — zdy)+ (a,x + by + ¢,2) (dx — xdz) 
+ (a,% + by + 6,2) (ady — ydx)= 0 


and it is homogeneous in 2, y, z. Hence it can be replaced by a rela- 
tion between x/z and y/z. Indeed, if we put «= Xz, y = Yz, and 
divide by z*; this relation takes the form 


—(@X +bY+c)d¥+(a,X +6, Y + ¢,)dX 


(148) +(a,X + },Y-+ ¢,)(XdY — YdX)=0, 


which is exactly Jacobi’s equation (pp. 11 and 32). 

Let c= f(t), y= $(4), == (4) be a system of integrals of the 
equations (146). As ¢ varies, the point whose homogeneous codrdi- 
nates are x, y, x (and whose Cartesian coérdinates are X = a/z, 
Y = y/z) describes a plane curve T which is, by the preceding argu- 
ment, an integral curve of Jacobi’s equation (148). The integration 
of Jacobi’s equation therefore reduces to the integration of the sys- 
tem (146), that is, to the solution of an algebraic equation of the 
third degree, as we have already seen. 


If the auxiliary equation has three distinct roots s,, 8,, 8,, the general inte- 
gral of the system (146) is, according to the preceding paragraph, of the form 


(I) Pe-t=C,, Qe-et=C,, Rest = Cy, 


where P, Q, R are three linear homogeneous functions of a, y, z. It is easy to 
derive from these equations a homogeneous combination of degree zero which 


does not contain the variable ¢, 
(a) Ps3— 8 Q81— 53 Ree % = K, 
which is the same result that we obtained before by another method. 


The case in which the auxiliary equation has a double or a triple root 
can also be easily treated. The equations representing the general integral form 
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either two groups or a single group. In the first case these equations are of 
the form 

(II) Pe-*i=(,, (Q—tP)e#"=C,, Re-*# = C., 
and in the second case, of the form 

(III) Pe-st=C,, (Q—tP)e-4 =O,, (e —tQ+ 5P) et = Cg, 


where P, Q, R denote in each case three linear homogeneous functions of 
Z, y, z. From (II) we derive the following homogeneous combination of zero 
degree, independent of ¢: 


ny 
(8) net WP K, 
and from (III) the combination 
2PR— QQ? 
—_.— = kK. 
(7) pa 


The relations (a), (8), (vy) represent the three forms possible for the general 
integral of Jacobi’s equation. 


61. Systems with periodic coefficients. Let us consider first, for simplicity, a 
system of three equations of the form (146), whose coefficients a, b, c,--- are 
continuous functions of the variable t, each of which has the period w >0. 

Let (21, ¥11 21), (Zo: Yor Ze)» (Xs, Ys, Zz) be three independent systems of inte- 
grals. Then the functions 


A; (t) = 2; (6 + w), Y;O=yH¢ + w), Z;(t) =z: (¢ + w) 
also form a system of integrals, and we have consequently three groups of 


relations of the form (§ 56), 


. AG = A121 + Ain Le + Ags, 
(149) Yi = aiyi + Gi2ye + ais Ys, (i =1, 2, 3) 
Zi = Gy 21 + A222 + Ass, 
where the a,’s are constant coefficients whose determinant H is not zero. We 
have, in fact, the relation 


Xx, Y, Z % YY % 
XG Ke Zale ie feats 
Ag eg Me Tz Y3 2s 


or, by (125), reasoning as we have done several times (§§ 38, 56), we may write 
the value of H in the form 


(150) Wage Pa 
If the variable ¢ is increased by the period w, the three functions 


«, (6), x, (2), 5 (t) 
undergo a linear transformation whose determinant is different from zero, 
defined by the relations 
XY = 441% + Ayy Ly + Ag, 
(151) Ag = yyy + Ayo Lo + Ags Lg, 


As = Ag, 2, + Aso Ly + Aggy, 
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and the two other systems of functions, (y,, Yg> Vs) (21) Zq) Zs), UNdergo the same 
transformation. Now we know that it is possible to replace the three functions 
X1, Z, Z; by three independent linear combinations with constant coefficients 
such that the equations (151), which define the new linear transformation, take 
on a simple canonical form. Taking the same linear combinations of the func- 
tions (Y,, Ya, Ys) and of (z,, 2, 3), We obtain three systems of functions which 
are transformed by the same linear substitution of canonical form when t is 
changed to t+ wo. - 

The reasoning is evidently general and applies to every linear homogeneous 
system in n dependent variables with periodic coefficients. Let Yr> Yor***s Un 
be these n dependent variables. We can determine n independent systems of 
integrals (y1i, Yi, +++, Yni) (t = 1, 2,--+, n) such that the n functions 


YkAy Yk2, eS Ykn 
undergo a linear substitution of canonical form when ¢ changes to t + w, this 
linear substitution being the same for all the indices k. The consequences are 
the same as those which have been developed above (§ 54). All the integrals 
are expressible as the product of an exponential factor of the form e*t and 
another factor which is either a periodic function of ¢ or a polynomial in t 
whose coefficients are continuous periodic functions of ¢. Let 


Yy, = €%'2,, Yo, = C%'Za, 2°95 Ynt = Cr Zn 


be a particular system of integrals, where z,, 2,,+++, Zn are polynomials in t, 
with periodic coefficients, of which at least one is of degree p — 1, and of which 
hone is of a degree greater than p—1. From this system of integrals we can 
derive (p — 1) other systems of the form 
Vig =e" Dz, Ung ett De, teey Yna = €* D2n, 
siete oes, see, : 

Vig Co Di =z, Yo, p = 6% DP—1z,, teey Yn, p= C8 DP =1z,, 
where the derivatives Diz, are taken regarding the periodic coefficients of the 
powers of ¢ as constants (§ 54). All the systems of integrals of the given equa- 
tions can thus be derived from a certain number of them. The actual formation 
of these integrals, of which we know only the analytic form, depends, above all, 
on the solution of an algebraic equation of the nth degree, which is called, as 
before, the characteristic equation of the system. The coefficients of this equa- 
tion can be obtained in general only by approximations, as in the case of a 
single differential equation of the nth order (§ 55). 


62. Reducible systems. Let us consider a system of linear homogeneous equa- 
tions of the form (140), whose coefficients are real, continuous, and bounded 
functions of the real variable ¢ for all the values of that variable greater than 
a certain bound t,, and let us suppose that we apply to this system a transfor- 
mation of the form 

(152) Zi = dir yr + Bia + +++ + Din Uns (i =1, 2,+-+, n) 
where the coefficients by, satisfy the following conditions: 

1) They are real, continuous, and bounded functions of the variable ¢ for 


t>t; 
2) They have derivatives satisfying the same condition ; 
3) The reciprocal of the determinant of the bx’s is bounded. 
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If we take the functions z; for new dependent variables, it is clear that the 
system (140) is replaced by a linear system of the same kind as the first. We 
have, in fact, A hs, Seay f 
au bay + Ory + ++, 
or, replacing y{, yz, °**, Y, by their values obtained from the equations (140), 


a = Ci yi + CinY2 + +++ + CinYn; 

where the coefficients c;, have the same properties as the coefficients az. We 
have now only to replace 71, Y2,---, Yn in these last equations by their expres- 
sions in terms of the new dependent variables 2, z2,---, Z, obtained from the 
equations (152). 

If it is possible to choose the coefficients b;, of the transformation in such a 
way that the new system will be a system with constant coefficients, the system is 
said by Liapunof to be reducible. See page 242 of his paper cited in the footnote 
on page 151. 

Every system whose coefficients are real, continuous, and periodic functions, with 
the same period w, is reducible. 

In fact, let us consider the adjoint system, which is also a system with 
periodic coefficients. Let s be a root of the characteristic equation and @ the 
corresponding characteristic exponent. We shall suppose, in order to consider 
the most general case, that to this exponent @ corresponds a group of p par- 
ticular systems of integrals of the form previously considered. This group will 
therefore furnish (§ 57) p linear first integrals of the given system, which will 
be of the form 

e@ (2141 + 2Z2Y2 + +++ + 2nYn) = C1, 

ett (y, Dz + yo Dze + --- + Yn Den) = Ca, 

ew? (y; DP —121 + yo DP 129 + +++ + Yn DP —-12,) = Cp, 
where 2, 22, +++, 2, are polynomials in t, of degree p — 1 at most, with periodic 
coefficients, and where the derivatives Di are taken regarding these coefficients as 
constants. Arranging these first integrals with respect to t, we may write them 


in the form 
One tp—2 
a oS Yat s+ ¥,]= Cy, 


(p—1)!— (p—2)! 
tp—2 tp—8 
153 et y— ¢ ---1/= C4. 
ea rare Ter eee 
CNA San 
where Yj, Yo,---, Vp are independent linear combinations of y1, yo, +++, Yn With 


periodic coefficients. For if they were not independent, we could derive from 
the equations (153) a relation between the arbitrary constants Cy, Co,-++, Cy 
and the variable t. If we take the linear combinations Yj, Yo,---, Yn, LOr 
dependent variables, the relations (153) represent precisely the general integral 
of the linear system of equations (§ 59), 


ayy ay: UE 
(154) “a tae = =n etat Ny 240i Sig eT Ye + Yet. 
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Proceeding similarly with all the groups of first integrals furnished by the groups 
of integrals of the adjoint system, we see that the given system is transformed 
into a linear system with constant coefficients by means of a transformation of 
the form 


(155) Yi = $iyit Pi2¥2 t+ +++ + dinYn; 


where the coefficients ¢;, are periodic functions with the period w. 
The reciprocal of the determinant D of the ¢,’s is bounded for t > t), for 
we shall show that D does not vanish for f >t). Indeed, if we consider n inde- 
pendent systems of integrals (y1;,-++, Yi) of the first system and the corre- 
sponding n systems (Y3;, +++, Ynz) of the transformed system, the determinant D 
is equal to the quotient obtained by dividing the determinant of the Y,;’s by 
the determinant of the y,,;’s, and we know that these last two have finite values 
different from zero for all finite values of t. It follows that the absolute value 
of D remains greater than a certain positive minimum for all values of ¢ 
between ¢, and f)+. , 
In order to complete the proof, we may suppose that the characteristic equa- 
tion of the adjoint system has no real negative roots; for, by § 54, any root is 
replaced by its square if we consider the period 2w instead of the period w. 
If the characteristic equation has only real positive roots, we may evidently 
suppose that all the functions ¢ which appear in the equations (155) are real. 
Then that transformation actually satisfies all the required conditions. More- 
over, all the characteristic exponents are real, and the transformed system has 
“real coefficients. But if the characteristic equation of the adjoint system has 

conjugate imaginary roots, to each group of p linear combinations, such as 
Y,, Y.,---, Yp, in which appear imaginaries we can associate the group 
formed by the conjugate imaginaries. Hence, combining them in conjugate 
pairs, it is clear that we again obtain a system with real constant coefficients 
by means of a transformation of the desired form with real coefficients. 


EXERCISES 
1. Integrate the linear equations 


yO) — 2y” + y = Aer + Be-* + Csinz + Deosa, YS) ef ==, 
Yi —y/ +yY —y=2e—4cosz, 

yf’ —8Y + 2y = (ax + b) e + ce— 2%, 

gry’ — 9ay” + 9y =14+ 2e+4 82? Logg, 

ay” —2ry +2y=v+ pet 4d, 

gy” — 3x2y” + Tay —8y =2' — 2a, 


ry’ —3ry +4y= Med ( 
0 V1+c4 
a3y/” — 942” + 87 ay’ — 64y = a4 [a + » Loge + c(Logz)?), 
gy” + 2ay’ —2y=xcosx — sing, 
xy” + 38ay’ +y=f(Z). 


If f(z) is analytic in the neighborhood of the origin, prove that this last equa- _ 
tion has a particular integral analytic in the same neighborhood. 
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2. Integrate the systems of linear equations 


dy dz dz daw dx dy 

See saat chen’ = ant (neo ae —0 —_— —_ — 2=0; 

2) rae aa A i a ae A nde : 
iy dy ; 

(B) a = ae Maal Bs dam 


2 
TU 5 4S 4 13y + 202-6, 
a 


@) da? dz 
d?z dy dz 
—+3—++42 tien Cae 
Pe ay is 
dz dy * dz 
habs —2=0 Bd | —+2—z=0; 
My dt i ig aa raed dt - 


dz dy dz . 
aCe) Freda Pecks, ora oF gta Farha bal. 


d 
CS soir Wate “My gots pee. 
dz dz 


(s) 
By Stat ba 20; 
dz 


y —(A+1)y—2z24+2(1—Au=), 
(7) z+ryt24+ 2(A—1lju=), 
w+ ry + (24—1)u=0. 
3. Find the general integral of the equation 
(2a +1)y” + (4a — 2)y— By = (627+ 2— 3)e 
from the fact that the homogeneous equation has a particular integral of the 


form e””, where m is a constant. [Licence, Caen, 1884. ] 


4. Prove that the differential equation 
(x? —1)y”=n(n+1)y, 


where n is a positive integer, has a polynomial P(x) for integral. From this 
prove that the same equation has a second integral 


1 
ae )+ Q 
xz—1 


where Q is also a polynomial. (Licence, Paris, 1890. ] 


P Log ( 


5, The linear differential equation 
ay” —(@+etr)y+puy=0, 
where » and » are two positive integers, has a polynomial y, = P(x) as an inte- 


gral, Hence prove that it has a second integral y, = e*Q(x), where Q(z) is also 
a polynomial. [Licence, Paris, 1903.] 


6. Find the necessary and sufficient condition that the linear equation 
y” + py’ + qy = 0 may have two independent integrals, y,, y,, which satisfy 
the relation y1%2 =1. Assuming that p = — 1/2, find the coefficient g and the 
general integral. [Licence, Paris, 1902.] 


..% Derive the formula (23), p. 111, from the formula (11), p. 106, which 
gives the value of the determinant A(yi, Yo, +++, Yn)- 
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8. Bessel’s equation, 
ry” + 2(m +1) y#+ zy = 0, 


has as a particular integral the function represented by the definite integral 
1 
Vy =f{ (1— 27)™ cos xz dz, 
0 
provided that the real part of m is greater than — 1. If m isa positive integer, 
that integral is of the form (see Vol. I, end of Chap. V, Ex. 20, 2d ed.; Ex. 21, 
ieee) 2.4.6-.-2m(Usinz + V cosa), 


where U and V are polynomials in 1/x whose coefficients are all integers, and 
the general integral is 


y =C(Using + V cosa) + O'(V sing — U cosa). 


(Hermite. } 
9. The integration of the system of linear equations 


dy dz 
Ba & TS a ee 


where a, 6, a,, 5, are any functions of x, reduces, on putting y = tz, to the 
integration of Riccati’s equation, 


dt 
tot b)jt— a2 =0, 


and to the calculation of f(a + 6,) dx (see ftn., p. 112). 
10. The ratio z of two independent integrals of the linear equation 
y+ py +aqy=0 
satisfies the differential equation of the third order, 


Thee 38 2’ 2 if 
——{(—) =2q —=p?— vo’. 
ge <2 ie : 2? 
11. Given the differential equation 
(£) a(y” —y’)— ay =0, 


where a is constant, how must we choose the path of integration Z so that the 
function y (x) represented by the definite integral 


y (2) =f mee tl) ice 


shall be a particular integral of (Z)? Show that the equation (Z) has a par- 
ticular integral, which can be expressed without any sign of quadrature, when 
a is an integer. Deduce from it the general integral, and express it in terms 


of the smallest possible number of transcendentals. 
[Licence, Paris, July, 1908. ] 


12. Determine the two functions P(t) and Q(t) so that the function y 
represented by the expression 


y=(e- a f FOP OaA+ eH f SO QHE 


shall be an integral of the differential equation y” = f(z) for all possible forms 
of the function f(z). [Licence, Paris, October, 1907.] 
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13. The general integral of the linear equation 
xy’ + [n+ P(2)]y + a+1Q(r)y =9, 


where P(z) and Q(z) are analytic in the neighborhood of the origin, is single 
valued in this neighborhood. The letter n denotes an integer greater than unity. 


14*, Every equation of the form 


dry —ly 
ce ats + on —P — 1Qy(0) + 
dp tly dp 
+ 2Qn—p—1(2) TE + Qn—p (0) Eo + +++ + Anau = 0, 


where Q,, Q,,:++, Qn are analytic functions in the neighborhood of the origin, 
has an analytic integral in the same neighborhood ; and the value of the inte- 
gral, as well as the values of its first p — 1 derivatives, may be arbitrarily chosen 
for zc = 0, provided the equation 


(r= p)---G—n +140, 0) ¢—p)---F—n + 2) +4 --- FQ =—2 


has no integral root greater than p — 1. 
[E. Goursat, Annales de I’ Ecole Normale, 1883, p. 265.] 


Note. By an artifice analogous to the one which was used in § 50, we are led 
to prove the proposition for an equation of the form 
du =M (cs 
dze dxp-1 


+o +0) 
dz ? 


where we have put dn-py 


— f eee 1 — = 
NG Mee eae 


15*. Let 2 be a system of four linear equations identical with its adjoint 
(p. 156) 


dy; z 
(£) = = Gi Y, + U2, + UsYs + Gis Ys. (j=1, 2,3,4) a2+ai=0 


This system has the first integral y7 + y3 + y2+ y2=C. If we suppose C=0, 
the preceding relations are satisfied by putting 


¥,=p(n—&), Y, = p(1 + én), Ys = pi(1— én), Y= pi(n + £). 


Substituting these expressions for y,, ¥2, Ys, y, in the equations (Z), we obtain 
the system of three equations 


= (de1 + ta13) (n — £) + 2 tag + (sa + iao4) (n + &), 
2 mf = (dia + 43) (1 + 1?) + (Gas + Gog) (1 — 9?) + 2i(asq + aia) 1, 
2 & = (dai + Ags) (1 + £%) + i (ag, + Gog) (1 — &) + Qi (ase + ay)é, 
of which the last two are Riccati equations. Let » =f(z, C,), § = (a, C,) be 
the general integrals of these two equations; then the general integral of the 
equation in p is given by the equation 
et Cor 
20, 6C,.) 6% 
{E. Goursar, Comptes rendus, Vol. CVI, p. 187, and Vol. CXLVIII, p. 612.] 


—_— 
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16. Prove the relation 


. ; 
fe @ ae fo eae ff" ae f rear 
= or ft (2) — $y) }"-1F(y) dy, 


in which the left-hand side contains n integral signs, by proving that the two 
sides are particular integrals of a linear differential equation of the nth order 
satisfying the same initial conditions. 

17*. Prove that the integral ¢ (x, a) of the linear equation F'(y) = 0 (p. 108), 
considered as a function of the variable a, is an integral of the adjoint equation 


G(z)=0 after having replaced z by a. 


Note. st is seen that the integral of the equation F(y) = 0 which, with its 
first (n — 1) derivatives, takes on the same values for z = x) as a function a (zx) 
and its first (x — 1) derivatives, has the form 


y=(2)— [ F@9(, a)da, 


where z = 7(a). The integral on the right must depend only upon 7 (zx), 7 (2), 
@ (Zo), +++, "-Y(z,). Now we can also write (§ 42) 


[PO 6G, ada= (lz, o(@, a)]} 2% — [26 [0(, @)] da, 


and it is clear that the preceding condition is not satisfied unless we have 
G[¢(e, @)]=90. It follows readily that the functions ¢;(x) defined by the 
equations (A) (ftn., p. 109) form a fundamental system of integrals of the 
adjoint equation. 


CHAPTER IV 
NON-LINEAR DIFFERENTIAL EQUATIONS 
I. EXCEPTIONAL INITIAL VALUES 


The proof which has been given for the existence of integrals 
that take on given initial values really supposes that the right-hand 
sides of the given system of equations are analytic in the neighbor- 
hood of these initial values (§ 22). Restricting ourselves to the case 
of a single equation, we shall examine some simple cases in which 
that condition is not satisfied. 


63. The case where the derivative becomes infinite. Let us consider 
an equation of the first order, 


(1) “= F(x, 9) 


where the right-hand side f(a, y) becomes infinite for the pair of 
values = 2,, y=y, in such a way that its reciprocal 


1 
F,(2; ¥) cara) 


is analytic in the neighborhood of this pair of values.. We can write 
the preceding equation in the form 
dx A 
©) dy ~ Fey) 7 > 
regarding y as the independent variable and x as the dependent 
variable. But since the right-hand side f (a, y) is analytic by hypothe- 
sis fora =2,, y = y,, Cauchy’s theorem applies to the equation (2). 
Hence there exists an integral, and only one, which approaches z, 
as y approaches y,, and that integral is analytic in the neighborhood 
of the point y,. The development of « — a, in a power series accord- 
ing to powers of y — y, necessarily commences with a term which 
is at least of the second degree, since dx/dy or f,(x, y) is zero for 
w=2,,¥=Y,, for otherwise f(a, y) itself would be analytic. Let 
this development of  — x, be 
(3) @ — y= Any — ¥)™ Ani iy —Y)™ttH ee 
(m 2 2, A, # 0) 
172 
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From the equation (3) we derive a development for y — Y, according 
to powers of (x — a,)’” (see II, Part I, § 99), 
1 2 
(4) Y—Y%=4(e — 4)" + aa —x,)™+-++. (a, # 0) 
It follows that the equation (1) itself has this one and only this one 
integral of the form (4) which approaches Y, Us % approaches x,, and 
the point x, is an algebraic critical point for this integral.* 


64. Case where the derivative is indeterminate. The complete dis- 
cussion of all the cases in which the derivative becomes indeter- 
minate is much more complicated. Let us take first the equation 
studied by Briot and Bouquet,t 

(5) ay! — by = a,x + a,,a7 + a, ty + a, +---= (a, y), 
where the right-hand side is analytic in the neighborhood of the 
point « = y = 0, and let us try to determine whether there exists an 
analytic integral which vanishes with x. For this purpose let us 
substitute for y, in both sides of the equation (5), a power series 


(6) ad y= Ce + 6g 4+ +++ + 6,0" + ++-, 
After the substitution the coefficient of 2” on the left-hand side is 
(n — b)c,, while the coefficient of x” on the right is a polynomial, 

Py (oy @ ofan ae. Don 5 C1) ee) Oa); 

whose coefficients are all positive integers, and which contains only 
the coefficients ¢,,---,¢,_,, and some but not necessarily all of the 
coefficients a,, for whichi+h =n. We therefore obtain a recurrent 
relation for the coefficients of the series (6) : 


(7) tie b) C, = P n( Bro» &, 009° °° 9 Fond "yr Sgr ° 2% C54): 
dn = 1, 2, +++) 


This enables us to calculate these coefficients successively, provided 
that b is not equal to a positive integer. Let us first set aside this 
supposition. The relation (7) gives us 


2 
Ary is Ayy + A101 + M20 


2 ge aay Os Die ) cee, 


*In geometric language, we can also say that through the point (x9, yo) there 
passes one and only one integral curve, on which the point (xo, Yo) is an ordinary 
point, and the tangent at this point is the straight line r=. In stating the theorem 
we have tacitly assumed that the function /,(«, y) does not vanish for x= 2p for all 
values of y; for in this case the integral of the equation (2), which takes on the value 
2 for y= Yo, reduces to x= Xo, and the equation (1) has no integral which approaches 
Yo as © approaches xo. 

t Journal de V Ecole Polytechnique, Vol. XXI, 1856. 
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and so on in this way. The value of the series (6) certainly repre- 
sents an integral of the equation (5) vanishing with «, provided that 
the series has a radius of convergence different from zero. In fact, 
the operations by which we have obtained the coefficients of this 
series are then valid (I, § 192, 2d ed.; § 186, 1st ed.). 

In order to prove the convergence of this series, let us observe 
first that if we give to all the integral values 1, 2,---, to infinity, 
the fraction 1/(n — >), which cannot become infinite, approaches 
zero. The absolute value of that fraction has therefore a maximum 
1/B, and we have for every value of the integer n, |1/(n — b)| =1/B. 

On the other hand, let 


@(a, Y) =A, 2 +A, 27+ A, eY+A,V?+---+AgaiY*+.--- 
be a dominant function for ¢(a, y), having no constant term nor any 
term in Y. We might take, for example, a function of the form 


M teeten k 


but it is really not necessary to specify it completely in order to 
carry through the proof. The auxiliary equation 
(8) BY = (2, Y) 


has, by the general theorem on implicit functions (I, § 193, 2d ed.; 
§ 187, 1st ed.), an analytic root vanishing with x. Let 


(9) Y=Cx+Cia?+---4+C,a"+--- 
be the development of this root in a power series. In order to cal- 
culate the coefficients C,, we can substitute this development for Y 
in the two sides of the relation (8). This gives the recurrent relation 
(10) BC, = lee (Aj) A,, ae) Aon} Cy Cy apt pe CoG 
where P, denotes the polynomial which appears in the relation (7), 
in which a, has been replaced by A, and ¢; by C;. 


But from the very way in which we have chosen the constant B 
and the function @(x, Y), we have the inequalities 


[@x|SA x, 


It follows that if we have 


n=] = 
|¢, | = Cy le, | = Cy, SOLS lc, —4| =< Cha 


we have also |c,|< C,,, since all the coefficients of the polynomial P, 
are positive integers. Now we haye |a,)|< 4,, and, consequently, 
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|¢,|<C,. Reasoning step by step, wg conclude that the series (9) 
dominates the series (6). The latter is therefore convergent in the 
neighborhood of the origin. Summing up, if the coefficient b of y in 
the equation (5) is not equal to a positive integer, that equation has 
one and only one analytic integral that vanishes with x. 


In order to finish the study of the analytic integrals which vanish with z, 
we must still examine the case where b is equal to a positive integer. Suppose 
first b =1; the first of the relations (7) reduces to a,)=0. If ajo is not zero, 
then there is no analytic integral fulfilling the condition. If a,) is zero, setting 
y = da, we are led to an equation, 


(11) N = W (a, A) = Aggy + Ay, A + Agg dA? + ++, 


where the function y (2, ) is analytic, provided that |a|<r,|A|<A, rand A 
being two suitably chosen positive numbers. Now this equation (11) has an 
infinite number of integrals which are analytic in the neighborhood of the 
origin, for we can choose arbitrarily the value \, of \ for « = 0, provided that 
we have |\,|< A. Hence in this case the equation (5) has an infinite number 
of analytic integrals vanishing with a. 

If } is equal to a positive integer greater than unity, the coefficient of x in 
the development of an analytic integral vanishing for = 0 must be equal 
to a,,/(1 — b), and the transformation y = a,)x/(1 — b) + Aw leads to an equation 
of the same form in whieh the coefficient of \ is equal to (1— 6): 


av — (b—1)X\ =a) ue + aya? + a ATH ++. 


By a succession of similar transformations we reach the case which has just 
been treated. Consequently, if the coefficient 6 is equal to a positive integer, 
the equation (5) has no analytic integral vanishing with a, or it has an infinite 
number of such integrals. 

Briot and Bouquet also investigated whether there existed non-analytic inte- 
grals approaching zero with z, and proved that the equation (5) has an infinite 
number of such integrals when the real part of 0 is positive. We can easily 
establish this theorem by means of the method of successive approximations. 
Let us first point out that if the real part of b is positive, we may, without 
lack of generality, suppose that the real part R(b)>1. In fact, if we make 
the change of variable c = 2’, where n is a positive integer, the equation (5) 
is replaced by an equation of the same form in which 6 is replaced by nb. 
We shall suppose, then, that we have R(b) >1, and that b is not an integer. 
As we have just seen, the equation (5) has an analytic integral y,, which 
vanishes for c= 0. Hence, setting y=y,+u, the equation (5) becomes 


gu’ —bu= $(x, yi + U) — $ (2, 1) = UY (Z, U). 


Since the function ¢(z, y) does not contain any term of the form a constant 
times y, the function y (a, wu) will not contain any constant term, and we can 
write the preceding equation in the form 


aw’ — bu=ulax + put... 
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Let us now put u =z, where d denotes the new dependent variable. The 
equation takes the form 


(2 eo he NV =d[a + Brv-14 ---J= F(A, 2, 2-}), 


where F denotes a power series with respect to the three variables \, z, 2?-—1. 
In the plane of the variable @ let us draw through the origin two rays whose 
inclinations are w, and w,(wy < , <, + 27), and let us consider the circular 
sector A limited by these two rays and an arc of a circle with the radius r 
described with the origin as center. If x remains in the interior of A, and 
if |A| remains less than a positive number /, the function F(A, x, 2-1) will 
be analytic,* provided that the two numbers r and J are sufficiently small. 
Let us connect the origin with any point z of the sector A by a straight line- 
segment, and suppose that we take for the initial value of \ an arbitrary value 
A» Whose absolute value is less than 1. We can apply to the equation (12) the 
method of successive approximations (§ 29), which consists in taking the 
successive integrals 


xz ~ x 
d= Ao +f, F(Xps 2, 2° -1) da, re = ot f° F(, 2, 2-1) dz, 


and, in general, a 
Mn = No +f F(\n-1, 2, 2-1) da, 
0 


all of these integrals being taken along the straight line. The fundamental 
hypotheses for the validity of the proof are satisfied. All the functions ),(z), 
do(z), +--+ are analytic in the interior of the sector A, and the function 4, (zc) 
approaches a limit A (a) if the radius r has been taken sufficiently small. Hence 
the equation (12) has an integral which is analytic in the interior of the sector 
A and which approaches the value \, as z approaches zero. [It follows that the 
equation (5) has an infinite number of non-analytic integrals in the neighbor- 
hood of the origin, each of which approaches zero as the point z approaches 
the origin and depends upon an arbitrary parameter \,. This proves Briot and 
Bouquet’s theorem. 

The condition that the real part of b — 1 be positive is essential. Indeed, if 
x approaches the origin, remaining in the sector A, its angle remains between w, 
and w,, and its absolute value approaches zero. Setting = pe,b-—1l=yu + vi, 
we have 


(13) go—-1 = e(h + vi) Qogp+iw) — et log p — vw ei (vlogp + Hw), 


As p approaches zero, w remaining included between the two limits w, and w,, 
log p — vw becomes infinite in absolute value in remaining negative, and the 
absolute value of 2’-1 approaches zero. On the contrary, if the real part of 
b — 1 is negative, it is obvious that the absolute value of z>—1 becomes infinite 
as % approaches zero, remaining in the sector A. The function F(A, x, 2°- 1) is 
not continuous at the origin, and the previous proof no longer applies. 
According to Briot and Bouquet, if the real part of } is negative, the equa- 
tion (5) has no other integral than the analytic integral vanishing for z = 0. 


*If x approaches the origin, remaining always in the sector A, the derivative of the 
function #’ with respect to x may become infinite if the real part of b—2 is negative, 
but that derivative does not appear in the method of successive approximations. 
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But their proof, which is very similar to the one in the footnote on page 50, sup- 
poses that the variable z approaches the origth along a path of finite length that 
has a definite tangent at the origin, and this condition should appear in the state- 
ment of their theorem. In order to give some idea of the difficulty of the ques- 
tion, let us consider the function 2, supposing that the real part u of b is negative, 
while the coefficient » of i is different from zero. The absolute value of x? is equal 
to e#logp—vw, Tf we make the variable # describe a curve that approaches the 
origin indefinitely, u log p does approach + o, but if we make the angle w in- 
crease in absolute value at the same time in such a way that the difference 
log p — yw remains negative and increases indefinitely in absolute value, the 
absolute value of 2 approaches zero at the same time as|z|. If »>0, we need 
ouly make the variable x describe the logarithmic spiral whose equation is 
p =ev#/24, for example ; for we then have |x| = e—¥»/2, and if the angle w 
approaches + o, |z|= p and |x>| approach zero simultaneously. 

If the real part of b is negative and the real part of b/i is not zero, it follows 
from investigations of Picard and Poincaré that the equation (5) has an in- 
finite number of non-analytic integrals that depend upon an arbitrary constant 
and approach zero as the variable x describes a path such as the preceding, along 
which |x| approaches zero. The contradiction between this result and the 
theorem of Briot and Bouquet is only apparent, since in the two cases entirely 
different conditions are assumed. In particular let us notice that if the variable 
xz takes on only real values, it cannot turn an infinite number of times around 
the origin ; consequently there will be no other integral which approaches zero 

, With x except the analytic integral, provided the real part of b is negative. 

The results of this discussion are easy to verify with the elementary equation 
ry’ = ax + by, whose general integral is y = az/(1— 6) + Ca? if b—1 is not 
zero, and y = az Logz + Cz if b=1. 


65. We shall limit ourselves to a few statements concerning the 
general case of an equation of the form 


14 dy  az+by+ca+2day+ey':-- _Y 
Gs) dx aztby+ecx2+2d'zy+e'y.-- ies 
where X and Y are power series which converge when 

[el =< 4, ly|<r. 
We are supposing, as we may without loss of generality, that it is 
for « = y = 0 that dy/dx becomes indeterminate. Setting y = va in 
this equation, it becomes 


dv a+tbv—v(a'+ bv) + xp (x, V) 

(15) C= = 7 ’ 

dx a' + bv + ay (a, v) 

where (a, v) and y(z, v) are two power series which are convergent 
whenever |x| <r and |vr| <r. If the equation (14) has an analytic 
integral vanishing with a, the coefficient of x in the development of 


that integral is necessarily a root of the equation 
(16) a + bv —v(a'+ b'v) = 0, 
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since the left-hand side of (15) is zero fora = 0. Let v, be a root of 
the equation (16). If we put v = v, +.u, the two functions 


(x, v,+ WX), y (a, v, + %) 
are still regular in the neighborhood of the values « = 0, u = 0, and 
the equation (15) reduces to an equation of a form already studied, 


du 
Oe, eo Ae ee 


provided that v = v, does not make a! + b'y vanish. Since the equa- 
tion (16) is in general of the second degree, we see that we can 
reduce the equation (14) to the form (5) in two different ways. 
Hence there are in general two analytic integrals and only two van- 
ishing for = 0. But these conclusions are applicable only under 
the most general conditions, where the coefficients a, b, a’, b' do not 
satisfy any special relation. 

The general investigation of the integrals, analytic or not, of the 
equation (14), which approach zero when x approaches zero (X and 
Y being two regular functions which vanish for = y = 0), has been 
the object, since the work of Briot and Bouquet, of a large number 
of investigations. Although it has been possible to treat more and 
more general cases, the question is still not exhausted. Let us notice 
in particular just one remarkable circumstance which we have not 
yet mentioned. Let us take the equation 

(18) oe a — by = az, 
and let us try to find, as above, an analytic integral of this equation 
which vanishes for z= 0. If we attempt to determine the coeffi- 
cients of the series (6) so that on substituting it in the equation (18) 
we arrive at an identity, we discover the relations 


a+ be, = 0, ¢, = be,, 2 ¢, = be,, ny Ney = Den aay 2 *y 
from which we derive 


ee 2a nia 


a 
arrays Oy ara? ES Tae ney nt = — Feat 


We thus obtain a unique value for each coefficient, but the series 
which we obtain is divergent except for x= 0. The origin is an essen- 
tially singular point for all the integrals, as is verified by direct 
integration. Similarly, the point «=0 is an essentially singular 
point for all the integrals of the equation ay! + y* = 0; and all these 
integrals approach zero with |a|. 
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If we assign only real values to the variables z and y, and wish to construct the 
integral curves of the equation (14) (X and ¥ being, for example, two polyno- 
mials in z and y with real coefficients), it is very important to know the form of 
these integral curves in the neighborhood of a point common to the two curves 
X=0, Y=0. We shall study from this point of view the simple equation 

d ax + by 

(19) = Ss 

dx au+by 
which can be integrated by elementary methods (§ 3) by the substitution y = tz. 
We can integrate it in a more symmetric way by replacing the equation (19) by 
the system 
d 
(20) sec LTS 
We+bdy art by 


dt, 


where ¢ is an auxiliary variable introduced for the sake of symmetry. We have 
seen above (§ 59) that this system can be reduced to a simple canonical form 
by replacing x and y by two linear homogeneous combinations XY and Y of these 
variables. In this case the characteristic equation is 


s? — (a + b)s + ba’ — ab’ = 0. 
This equation cannot have zero for a root, since we suppose that ab’ — ba’ is 
not zero. Several cases are now to be distinguished according to the nature of 
the roots: 
1) If the characteristic equation has two real and distinct roots 81, 82, We can 
reduce the system (20) to the form 


xe ard Y 


= = Oty 
Sy axe S89 Ve 


and the given equation consequently becomes 


The general integral is given by the equation 


89 


bee OP es 

Tf s; and s, have the same sign, Y approaches zero with _Y, and all the integral 

curves pass through the origin, which is a node. If s2/s; is negative, there exist 

only two integral curves passing through the origin, the straight lines X = 0, 

Y=0; hence the origin is a saddleback. 
2) If the characteristic equation has two conjugate imaginary roots a + fi, 
a — Bi(8 # 0), we can reduce the system (20) to the form 
d(X + Yt) 2 d(X — Yi) 
(a+ pi)(X+ Yi) (a—fi)(X — Yi) 

where X and Y are linear homogeneous combinations of « and y with real 
coefficients. We can then write these equations in the form 

dX, mes Yar 

aX — BY — BX ay 


? 


dt, 


from which we derive 
XdX+YVdY  XdY—Ydx 


a(X24+¥2) p(x?+Y%) 
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The general integral of the equation (19) is therefore represented by the 
equation 
- fare fon >, 


VX24+ Y2=Ce® = 


If @ is not zero, all these curves have the form of spirals which approach 
the origin as an asymptotic point. The origin is said to be a focus. 

If a is zero, the general integral is represented by concentric conics. The 
origin is called a center, but this case must be considered as exceptional, since it 
occurs only when a@ satisfies an equality. 

8) If the characteristic equation has a double root s, that root is real and 
different from zero, and the system (20) reduces to the form 


ax__ a __y 
sX" 3s(X+Y) 

The equation (19) itself becomes dY/dX =1-+4 Y/X, and the general integral is 
Y=CX+ X Log X. In order to construct these curves, we can express X and 
Y in terms of an auxiliary variable by putting X = e9, which gives Y = Ce? + Ge®. 
When 6 approaches — 0, X and Y, and consequently z and y, approach zero, 
and the origin is again a focus. 

The preceding classification is due to Poincaré, who has extended the dis- 
cussion to equations of the general form (14) whose coefficients are real. 


II. A STUDY OF SOME EQUATIONS OF THE FIRST ORDER 


66. Singular points of integrals. The developments in series by 
which we have established the existence of analytic integrals of a 
system of differential equations enable us to calculate these inte- 
grals only in the interior of the circle of convergence; but the 
knowledge of these developments suffices, as we have noticed in 
general (see II, Part I, § 86), to virtually determine these functions 
in the whole domain of their existence. Let us consider, for defi- 
niteness, an algebraic differential equation of the first order, 


(21) F(x, y y')=0, 


where F is a polynomial in a, y, y'. Let (a,, y,) be a pair of values 
for which the equation F(a,, y,, y') = 0 has a simple root ¥{. When 
«x and y approach a, and y, respectively, the equation (21) has one 
and only one root approaching yj, and that root, y!= f(a, y), is a 
regular function in the neighborhood of the point (x,, y,). The 
equation (21) has therefore an analytic integral which reduces to 
Yo for x = x,, and whose derivative takes on the value y; for x = 2,. 
This integral is defined by its power-series development only in the 
interior of a circle C, about x, as center, whose radius is in general 
finite. But this function, whose analytic extension may be followed 
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outside of the circle C,, satisfies the equation (21) in its whole domain 
of existence. Let us observe that we may make use of the equation 
(21) itself to calculate the coefficients of the different series which 
we use in the method of analytic extension. If at a point x, in the 
circle C, the integral considered is equal to y,, its derivative is equal 
to one of the roots y;, of the equation F(a, y,, y') = 0, and we shall 
be able to derive the values of the other derivatives at the point 2, 
by successive differentiations of (21). 

It follows that every differential equation of the first order defines 
an infinite number of analytic functions, depending upon one arbi- 
trary constant. These are in general transcendental functions which 
cannot be expressed in terms of the classic transcendentals, and the 
same thing is true a fortiori of the functions defined by algebraic 
differential equations of the second, or higher, order. The study 
of the properties of these new transcendentals and their classifi- 
cation constitutes the object of the analytic theory of differential 
equations. 

We may be guided in this study by two different motives: we 
may seek the necessary and sufficient conditions that equations of a 

“given sort may be integrated by means of functions already known ; 
or, on the other hand, we may propose to ourselves the problem of 
discovering the algebraic differential equations that define transcen- 
dentals not reducible to the classic transcendentals, and possessing 
certain remarkable properties, such as being single-valued and ana- 
lytic, or analytic except for poles, etc. Whatever may be the object 
that we have specially in view, the investigation of the possible 
singularities of the integrals is an essential question. While the 
singular points of the integrals of a linear equation are fixed, the 
singular points of the integrals of non-linear equations vary in gen- 
eral with their initial values. For example, the integral of the equa- 
tion x + yy'=0 which takes on the value y, for x =0 is y= Vyj — 2. 
This function has the two critical points + y,, — y,, which depend 
upon the initial value. Similarly, the integral of the equation y'= y? 
which takes on the value y, for =0 is y,/(1 —ay,); this solu- 
tion has the pole x=1/y,. We are therefore led to distinguish two 
classes of singular points for a differential equation: the fixed sin- 
gular points which do not depend upon the chosen initial values 
(not being necessarily singular points for all the integrals), and 
the movable singular points, poles, or critical points which depend 
upon the initial values. A differential equation may have both kinds 
of singular points. 
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67. Functions defined by a differential equation y' = R(x, y). We 
shall study in particular the differential equation 


(22) enya, 


dan  Q(2, 9) 


where P(a, y) and Q(z, y) are two polynomials in x and y which 
have no common polynomial divisor. The pair of simultaneous 
equations P(x, vy) = 0, Q(x, y) = 0 has a certain number of solutions 
(a, 5,), +++; (Gny On). Let us mark the points a,, a,,+--+, a in the 
x-plane. 

The transformation y = 1/z reduces the equation (22) to an equa- 
tion of the same form, 


(28) T= Rn = 


and the pair of equations P,(x, z)=0, Q(x, z) = 0 has a certain 
number of systems of solutions (aj, 0;),---, (a,, 5;,). Let us mark 
the points aj, a3,+--, a, in the a-plane. The points a;, a; are in gen- 
eral singular points for some of the integrals of the equation (22), 
but they are known a priori; that is, they are the fixed singular 
points. 

Let now (a,, y,) be any pair of values such that Q(a,, y,) is not 
zero. Then by Cauchy’s fundamental theorem the equation (22) has 
an analytic integral, in the neighborhood of the point x,, which 
takes on the value y, for « = x,. Suppose that we make the variable 
x describe any path Z proceeding from the point x, and not passing 
through any of the points a;, ag. We can continue the analytic 
extension of this integral along Z so long as we do not encounter 
any singular point. But it may happen that we are stopped by the 
presence of such a point; let @ be the first singular point which 
we encounter. The integral considered is analytic in the neighbor- 
hood of every point X of the path L included between x, and «, but 
the circle of convergence of the power series which represents it, 
and whose center is at X, never contains the point @ in its interior, 
r| may be. The equation Q(a, 7) = 0 has a cer- 
tain number of roots B,, B,,---, By. Let us mark the points 8; in 
the y-plane. The equation Q(a, y) = 0 has only a finite number of 
roots, for otherwise the polynomial Q(a, y) would be divisible by 
( — a) and the point @ would be included among the points a,;, a;. 
For the same reason it is seen that the two equations P'(a, y) = 0 
Q(a@, y) = 0 have no common root. 
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There are now several possible cases to be examined. Let Y be 
the value of the integral in terms of X; we cannot suppose that Y 
approaches a finite value 8 different from £,, Bay +++, By aS X ap- 
proaches a, for R (a, y) is a regular function for z = a,y = 8. Now, 
by Cauchy’s fundamental theorem, there would then exist a single 
integral approaching 8 as x approaches a, and that integral would 
be analytic at the point a, contrary to hypothesis. Let us suppose 
next that Y approaches the value 8; when |X — @| approaches zero. 
The function R (a, y) is infinite for a = a, y = B;, but its reciprocal 
is a regular function, since we cannot have P(a, B,) =0. We have 
seen in § 63 that the equation (22) has one and only one integral 
which approaches 8; as |X — @| approaches zero, and which has the 
point @ as an algebraic critical point. Similarly, if | Y| becomes 
infinite as |X — a| approaches zero, the equation (23) has an integral 
which approaches zero with |X —a@|. We cannot have simultane- 
ously P,(a, 0) = 0, Q,(a, 0) = 0, since the point @ is not contained 
among the points a. If Q,(a, 0) is not zero, z is analytic in the 
neighborhood of the point a, which is a pole for the integral con- 
sidered. If Qa, 0)=0, the point @ is an algebraic critical point 

efor z and thus also for y. 

We have not yet exhausted all the possibilities. Might it not hap- 
pen, for example, that Y does not approach any limit, although | Y | 
does not become infinite as |X — a| approaches zero? Painlevé has 
shown, in the following way, that this is not possible. Previously 
this had been assumed without adequate proof. About the point a 
as a center let us describe a circle C with a very small radius *, The 
roots of the equation Q(X, ¥)=0 which approach respectively 
B,, By +++) By a8 |X — a@| approaches zero remain respectively con- 
tained in the interior of the circles y,, y,,++-, yw about the points 
By, By +++, By a8 centers with radii p,, p,,--+, py. We can take the 
radius r so small that all these radii p; are themselves smaller than 
any given positive number «. Let us consider at the same time a 
circle T with a very large radius R, described in the plane of the 
variable y about the origin as center, and let (£) be the portion of 
the y-plane exterior to the circles y, and interior to the circle T. We 
shall show that when {X — a| approaches zero, the corresponding 
point Y finally remains constantly in the interior of one of the cir- 
cles y; or exterior to the circle T. If this were not the case, we 
should always find on the path Z certain points X such that |X — a| 
is less than any given number and for which Y would be in the 
region (E). Suppose now that we have |X —a@|< 7/2, for.example, 
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while only values of Y in the region (£) are considered. We shall 
show that there is a positive minimum-for the radius of the circle of 
convergence of that integral of the equation (22) which is equal to ¥ 
for « = X. In fact, there is evidently a maximum for | (X, Y)| when 
the points X, Y remain respectively in the preceding regions, while 
there is a positive minimum for the numbers a and 6 (see § 22). Let 
n be the minimum of the radius of this circle of convergence. We 
could find, by hypothesis, a point X' on the path L whose distance 
from the point @ would be less than y and such that the correspond- 
ing point Y' would be in the region (£). Since the circle of conver- 
gence of the series, which represents the integral which takes on the 
value Y' for « = X', has a radius at least equal to y, the point a 
would be in the interior of this circle, which is evidently impossible, 
since @ is a singular point. 

The point Y, therefore, finally remains constantly in the interior 
of one of the circles y, or outside of the circle T as |X — a| approaches 
zero. Since the radius p,; can be taken as small as we please and the 
radius R as large as we please, this means that Y approaches one of 
the values 8, unless | Y| becomes infinite. We have just examined 
what happens in these two cases. It follows that the point @ is either 
a pole or an algebraic critical point. Hence we can avoid the singular 
point by replacing the portion of the path Z near the point @ by an 
are of a circle of infinitesimal radius described about this point 
as center, and we shall be able to continue the analytic extension 
beyond this point until we meet a new singular point. We shall 
show that on a path L of finite length there are never more than 
a finite number of poles or of algebraic critical points. In fact, with 
each of the points a,, a, as centers let us describe a very small circle 
in the plane of the «’s, and let us describe also a circle of very large 
radius about the origin as center, so that all of the path Z shall lie 
in the region (Z') of the #-plane bounded by these circumferences. 
Let x, be any point of (£'). Then the integral whose absolute value 
becomes infinite as |a — a,| approaches zero is equal to a polynomial 
in (@ —a,)~* plus a power series in (# —,) which converges in 
a circle of radius p,. Similarly, the different integrals which have 
the point x, as an algebraic critical point are represented by series 
arranged according to fractional powers of «—a,. Let p, be the 
smallest of the radii of convergence of these different series. It is 
clear that these numbers p, and p, vary continuously with the position 
of the point x,; hence they have a minimum X > 0, and the distance 
between two neighboring singular points on the path L is of necessity 
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greater than \.* We can therefore encounter on this path only a 
finite number of poles or of algebraic critical points. Consequently, 
the only movable singular points of the integrals of the equation (22) 
are poles or algebraic critical points. These integrals cannot have 
movable essentially singular points, and consequently they can have 
no natural boundaries. 

The preceding arguments can be extended without difficulty to 
equations of the form (22), where P(a, y), Q(z, y) are polynomials 
in y whose coefficients are analytic functions of z. We have only to 
add to the points a;, a, which are defined as above, the singular 
points of all these coefficients. Ifthe path described by the variable x 
remains in a region not containing any of the points a,, aj or any 
of the singular points of the coefficients of the various powers of y, 
the only singular points which the integrals can have are poles or 
algebraic critical points. 

As an application, let us consider the question of finding the 
equations of the form (22) which have no movable critical points. 
In order that this may be true, the denominator must not contain y. 
In fact, let @ be any value of a, and B a corresponding value of y, 

“for which Q(a, 8) = 0, while the numerator P(a, 8) is not zero. The 
integral of the equation (22) which approaches 8 when |a#—a| 
approaches zero has this point as a critical point, and it is clear 
that it is not a critical point for all the integrals. Hence the desired 
equation must be of the form 

dy 
dz 
where P,,, P»—1,::: are functions of x. Moreover, the equation 
obtained by putting y =1/z must be of the same form, so that m 


Teta tee ees 


*It should be noticed that an integral can have an infinite number of critical points, 
and even an infinite number of them in the neighborhood of any value of x. Consider, 
for example, the equation 

2yy= R(x), 


where R(z) is a rational function; the general integral of this equation is 


x 
y2=yn+ | R(x) de. 

Zo 
Let us suppose that the definite integral of R(x) dx has the four periods 1, @, i, Bi, 
where @ and f are two real irrational numbers. In the interior of a circle c described 
with any point x, as center and with an arbitrary radius, it is easy to prove (see Il, 
Part I, §53, Note) that we can find an infinite number of roots of ¥? by suitably 
choosing the paths of integration, and each of these roots is a critical point. But 
a path of finite length described by the variable never contains an infinite number 


of them. 
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cannot be greater than 2. It follows that the most general equation 
which satisfies the given conditions“is a Riccati equation. It is 
easily verified that the condition is satisfied by any Riccati equa- 
tion. If we take, for example, the expression in (26) (§ 40) which 
represents the general integral, it is clear that that integral can have 
for singular points, besides the singular points of the functions y,, 
y,, only poles resulting from the roots of the denominator y, + Cy,, 
that is, poles which vary with the constant C. 


Similarly, we may consider the question of determining the equations of the 
form (22) whose integrals have no movable poles. Let m and n be the degrees 
of P(x, y) and of Q(z, y) with respect to y; the equation obtained by putting 
y = 1/z is of the form 

(24) dz _ nt2—m eis 2) 

dx Q; (£, 2) 

where P, and Q, are two new polynomials inz. Let =a be any value of z 
not contained among the fixed singular points. The equation (24) has an inte- 
gral which approaches zero as |x — @| approaches zero. It would seem from 
this that the equation (22) always has an integral whose absolute value becomes 
infinite as |e — a| approaches zero, but this conclusion is incorrect if the inte- 
gral of the equation (24) reduces to z=0. It is necessary and sufficient for 
this that m <n-+ 2; hence this is the condition that there shall be no movable 
poles. It follows that the only type of equation which has no moyable singular 
point of any kind is the linear equation. 


Application. The preceding result enables us to determine whether the gen- 
eral integral of a differential equation of the first order is a rational function 
of the constant of integration, when that constant is suitably chosen. Let 


_ P(t, 0) 
Qe, ¢) 
ke a rational function of the parameter C, where the coefficients of the two 


polynomials in C, P(x, C) and Q(z, C), are any functions of z. It is clear that 
the derivative yz’ is also a rational function of C, 


(A) y= R@, C) 


i TEs GI. 
The elimination of the parameter C leads to a relation of the form 
(E) Fly, y; t)=0, 


where F is a polynomial in y, y’ whose coefficients may be any functions of z. 
From the manner in which this equation is obtained we see that it is of defi- 
ciency zero in y and y’, regarding x as a parameter. 

Conversely, let us consider a differential equation of the first order (E), in 
which the left-hand side is a polynomial in y and y’ whose coefficients are any 
analytic functions of z. In order that such an equation have a general integral 
of the form (A), it must first of all be of deficiency zero in y and y’.. When 
this is the case, we can express y and 7 as rational functions of a parameter U, 


y=r(a, u), y= 1, (&, u), 
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in such a way that we have, conversely, u 2 s(z, y, y’), where the functions r 
and 7, are rational in u, and where s is a rational function of y and y’. Hence 
the given differential equation (E) may be replaced by the equation 


ees 1, (@, u) 
Die O. dae Oe a 
which is of the form 
du 
(E,) TPs 


where F is a rational function of u. If the general integral of the equation (E) 
is y= R(x, C), the general integral of the equation (E,) is, according to the 
above, 

u= s(x, R(a, C), R(x, C)]; 


that is, it is a rational function of C. But the only singular points of such an 
expression which vary with C are evidently poles. The only movable singular 
points that the equation (E,) can have are therefore poles; consequently the 
equation (E,) must be a Riccati equation.* 

Let us consider, for example, the equation 


y® = (Py + Q?(y— a) (y— d), 
where P and Q are functions of z, and where a and 0 are two constants. This 
relation is of deficiency zero in y and y’, and in order to express y and y’ as 
,vational functions of a parameter, we need only set (y — 6)/(y — a) = t?, which 
ae y (1-8)? = (b— a) [P(t at) + Q¢—#)], 
and the equation (E,\ is the Riccati equation 


22 - pe _ at) + Q(UI—-#). 
dx 
68. Single-valued functions deduced from the equation (y')” = R(y). 
Let us now consider the integrals of the differential equation 


PW), 
Q(y) 

where m is a positive integer and where P(y) and Q(y) are two 
mutually prime polynomials in y with constant coefficients. We shall 
now propose to determine all the equations of this kind whose gen- 
eral integrals are single-valued and in general analytic. Let x, be 
any value of a, and y, an arbitrary value of y which does not cause 
either of the polynomials P(y), Q(y) to vanish, The equation (25), 
after y has been replaced by y,, has m distinct roots in y’. Let us 
choose one of these roots, y%. The equation (25) has an analytic 


(25) ay) = 


* The converse is immediate. If (E;) is a Riccati equation, the general integral wu 
is a linear function of the arbitrary constant CO, and consequently y=yr (zx, u) isa 
rational function of C. 
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integral in the neighborhood of the point #,, which takes on the value 
y, at this point and whose derivative'is equal to y, for « = x,. We 
can extend this integral analytically along the whole of any path 
starting from the point x, so long as we do not encounter any singu- 
lar points. Let a be the first singular point encountered, let X be a 
point of the path Z lying between x, and a, and let Y be the corre- 
sponding value of the integral at the point X. The arguments of 
the preceding paragraph, which apply here without essential modi- 
fication, show that as |X — @| approaches zero, Y approaches a root 
of one of the equations 


PYy)= 0, Q(y)= 0, 


or else |Y| becomes infinite; but it can never happen that Y does 
not approach any limit. 

Let us examine the different possible cases. Suppose first that 4 
is a g-fold root of the denominator Q(y)= 0. From the equation (25) 
we have 


(26) ie Ge OF lene = Ae < Jane 4 ee 


If y describes a path from y, to 4 in the plane of the y’s, the vari- 
able « describes a path starting from x, and ending at a point which 
we shall call a in the finite portion of the z-plane. Conversely, if x 
goes from x, to a along this path, y goes from y, to 6. Putting 
y—b=t", we derive from the equation (26) a development of 
x—a in powers of ¢ beginning with a term of degree m+ q. 
Conversely, we have for ¢ a development according to fractional 
powers of x —a beginning with a term in (a — a)'™*®, and there- 
fore a development of y — d of the form 


es: ae 
y—b=(@— a)" fa, ba(@— ait... (#0) 


Since g is positive, m + q is greater than m, and the point x =a is 
an algebraic critical point for the integral considered. In order that 
the general integral of the equation (25) may be a single-valued func- 
tion, it is necessary that the polynomial Q(y) shall reduce to a 
constant, or that the equation shall be of the form 


(27) (y')" = Py); 


where P (y) isa polynomial. Since the equation 2™ = (—1)"z*"P (1/z), 
obtained by the transformation y = 1/z, must also be of the same 
form, the degree of the polynomial P(y) cannot be greater than 2m. 
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Finally, we may suppose that P(y) is of degree 2m. In fact, if 
P(y) is of degree 2m — gq, putting y=a-+1/z, where a is not a 
root of P(y), we are led to the equation 


em = (— 1)"[2"P(a) + 22"-1P (a) + ++] 
where the right-hand side is now a polynomial of degree 2 m. 

Conversely, given an equation of the form (27), where P(y) 
is a polynomial of degree 2m, if 6 is a root of that polynomial 
the substitution y=6+1/z leads to an equation in z of the 
same kind, where the right-hand side is a polynomial of degree 
less than 2m. 

Let us suppose, then, that P(y) is a polynomial of degree 2 m, and 
let @ be the first singular point that we find on the path L starting 
from x,. If | ¥| becomes infinite when X approaches a, the equation 
in z, obtained by putting y = 1/z, has an analytic integral which is 
zero for X = a. The point a is therefore a pole for y. 

There remains the case where Y approaches a root 6 of P(y) as X 
approaches a. This can happen only in case the order of multi- 
plicity of that root is less than m. For let us suppose that PY) 
Js divisible by (y — 6)’, where g =m. From the equation (27) we 
obtain, according to the initial conditions, 


) ig 
d 
esp Hy) dy Ly 
Yq iy =ah)= F 


where $(y) is regular in the neighborhood of the point 6, and we 
see that |X| becomes infinite as Y approaches J. It follows that 
¢g < m, and the given equation can again be written in the form 


(28) dx = (y—By *[o,+o,(y—B) ++ Jay, #0) 


whence we may derive a development of « — @ in powers of (y — b)”™ 
beginning with a term of degree m — g. Conversely, we may derive 
from (28) a development for y — 6 according to fractional powers of 
x — a beginning with a term in (a —a)"”"~., The point @ is there- 
fore, in general, an algebraic critical point. In order that it may be 
an ordinary point, m/(m — ¢) must be an integer 7; that is, we must 
have g = m(1—1/i), where ¢ is an integer greater than unity. This 
condition is also sufficient, for if it is satisfied, we may derive from 
the equation (28) a development of the form 
1 


3 A 
a—a=k(y—b)'+ ky — 4)" tees (k, # 9) 
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and, conversely, we have for (y — 4)'“ a development according to 
integral powers of « — a. 

In order that the integrals of the ‘equation (27) shall have no 
critical points, where P(y) is a polynomial of degree 2m it is neces- 
sary and sufficient, by what precedes, that the order of multiplicity 
of each root of P(y)= 0 be equal to or greater than m, or of the form 
m(1—1/i), where i is an integer greater than unity. If all these 
conditions are satisfied, the general integral of the equation (27) is 
a single-valued function whose singular points in the finite portion 
of the plane can only be poles. 

To complete the discussion, we shall distinguish several cases : 

First case. There is one linear factor in P(y) whose exponent is 
greater than m (evidently there can be only one). If there are also 
p linear factors distinct from this one, the sum of the exponents of 
these factors is less than m: 


fe ene 
Gi % 


Hence we have p —1<1/i,4+---+1/i, and, since i,, i3,---, 4, are 
each greater than unity, p —1< p/2, or p< 2. We have therefore 
p =1, and, extracting the mth root of the two sides, we may write 


the equation (27) in the form 


(1) y=A(y—-a a 


The case where i=1 should not be excluded, for it corresponds to 
an hypothesis which we have not examined — that of a single linear 
factor in P(y). 

Second case. The equation P(y) = 0 has an m-fold root. If it has 
two, the equation (27) becomes, after extracting the mth root of the 
two sides, 


(II) y'=AYy—ay—d). 
If the equation P (7) = 0 has only one root of multiplicity m, it has 


P(p = 2) roots whose order of multiplicity is less than m, and we 
have a relation of the form 


1 
m(1— = )+ + -m(1— >) =m, 
uy U 


1 
fra Nels aie si 


whence we derive p = 2. 


or 


ae 
aay 
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Since p is greater than unity, we havg necessarily p = 2,7, =7,=2; 
the number m is an even number, and the equation (aT ; ies 
to the form 


(II) y?=AYy—ay—D(y—9), 
a, b, ec being three different numbers. 

Third case. The equation P(y) = 0 has only roots whose order of 
multiplicity is less than m. Let p be the number of these roots; the 
sum of the orders of multiplicity being equal to 2m, we have a 
relation of the form 


m(1— 7)+ m(1 = *)+ OG +m(1— 7\= 2m, 
. ee 2) % 


ae 


or 


il 


1 


ee] = 


Hence p = 4, and since p > 2, we can have only p= 4 or p=3. If 
p =A, the sum 1/i,4+1/i,+1/i,+1/i, must be equal to 2; and 
since each of the denominators is equal to at least 2, we must have 


* 

If p =8, it is a question of finding three integers, #,, 7,, ¢,, each 
greater than unity, such that the sum of their reciprocals is equal 
to 1. If none of these numbers is equal to 2, each must be equal to 
3. If one of them, 7,, is equal to 2, the sum of the reciprocals of the 
other two must be equal to 1/2; if the two are equal, each of them 
is equal to 4. If they are unequal, the smaller must be less than 4; 
it is therefore equal to 3, and the greater is then equal to 6. We 
have, then, in all only four possible combinations, and the equation 
(27) may be reduced to one of the following forms: 


(IV) y" =A(y—a)(y—b)(y—o)y—4), 
(V) y? = A(y — a) (y — by (y — 0)’, 
(VI) y= Aly — a)? (y — by — 0), 
(VIL) y® = Aly — ay — diy — ef, 


where a, b, c, d are different numbers. If, in the equation (27), the 
polynomial P(y) is of degree 2m, and if the general integral is a 
single-valued function, the equation (27) has one of the forms which 
we have just obtained. Conversely, every integral of any one of 
these equations is a single-valued function, since on any path 
described by the variable we cannot encounter any other ee 


points than poles. 
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It is convenient to add to the types which we have just enumer- 
ated, in order to have all the equations of the form (25) whose 
general integral is single-valued, the types which are obtained by a 
transformation of the form y — a@=1/z, where @ is a root of the 
polynomial P(y). The new types of equations thus obtained are 


(1) y' = A(y —@) ? 

Gay y'=Aty—a) 4, 
(11)! y' =A(y—4@), 

CEB) y®= A(y—a)*(y — 4), 
(IIT)" y” = A(y — b) (y—2), 
(IV)! y= A(y— a) (y—b)(y—©), 
(Vv)! y® = A(y—a)’(y — 4)’, 
(VI)! y*=A(y— ay — 4)’, 
(VIE y* = A(y—aj(y — by, 
(VII)' y® = A(y — a)’(y — b)', 
CVIb)" y= A(y—a)?(y — db)’, 
GID y"® = A(y — a)(y — 6). 


The equations (I), (1)’, (1)", which are transformable one into the 
other, have a rational function for their general integral, as we see 
immediately from the equation (I)', for example. It is easy to show 
that the equations (II), (1D)', (III), (II)', (1IT)" have a simply 
periodic function for their general integral. Finally, the general 
integral of the equations (IV) and (IV)’ is an elliptic function. 
There remain, then, as new types of differential equations of the 
form (25) whose general integral is single-valued, only the equations 
(V), (VI), (VID), and those which reduce to these forms. These 
equations separate into three groups, and it is sufficient to integrate 
one equation from each of the groups, for example, the equations 
CeO Bye CVE 

If, in the equation (VI)", we put y = a + 2? and extract the square 
root of the two sides, it becomes 


A gl os Ate (2 +a—b), 


and the general integral in 2 is an elliptic function. Similarly, if in 
the equation (VIT)'" we put y= a+ * and extract the cube root 
of the two sides, it becomes 


era A¥ (28 +a—b), 


which is an equation of the form (IV). 
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In order to integrate the equation (Vv) ', we observe that that rela- 
tion between y and y’' is of deficiency one. We can therefore express 
y and y' rationally in terms of the codrdinates of a point of a cubic 
or in terms of a parameter ¢ and the square root of a polynomial of 
the third degree. In fact, if we put y' = At?, we derive from the 


equation (V)! 
y= 4 Vamp eda, 


and the relation dy = y'dx leads to the new equation 


CENER ast qsa 
8 =Va— bf + 448. 


The general integral of this equation, t= f(x + C), is an elliptic 
function. Hence the general integral of the equation (V)! is of the 


form 
ii, BS 
y=t +5 f@+ C). 


It follows that the general integral of every equation of the form 
(25), if it 7s a single-valued function, is a rational function of x or 
of the exponential function e%, or is an elliptic function. 

Except in the cases which have just been enumerated, the general 
integral of the equation (25) is never a single-valued function. For 
example, the inverse function of a hyperelliptic integral of the first 
kind cannot be a single-valued function. In fact, let P(y) be a poly- 
nomial prime to its derivative and of degree greater than 4. The 
differential equation vy” = P(y) cannot have a single-valued integral. 
Let («,, y,) be the initial values of the two variables x and y. As 
|y| becomes infinite, x approaches a finite value a; and, conversely, 
when «x goes from x, to a, |y| becomes infinite. The point «= a is 
an algebraic critical point, as we have just seen, for the integral of 
the equation 2” = 2P(1/z) which approaches zero when z approaches 
a, since the degree of P(y) is greater than 4.* 


* In one of their papers Briot and Bouquet set for themselves the problem of de- 
termining all the equations F (y, y’) =0, where Jt is a polynomial, whose general inte- 
gral is a single-valued function (Journal de l’ Ecole Polytechnique, Vol. XX1). From 
the conditions found by them Hermite proved that the relation between y and y’ is 
of deficiency zero or one (Cours lithographié de ’ Ecole Polytechnique, 1873) ; hence 
we can apply the method of § 11 in integrating them. If the relation is of deficiency 
zero, we can express y and 7 as rational functions of a parameter ¢. In order that 
the integral of the given equation be a single-valued function, the variable x, which 
is obtained by a quadrature, must be a linear function of t, x= (at + b)/(ct + q), or 
else the logarithm of such a function, = A Log {(at + b)/(ct+ d)]. If the relation is 
Of deficiency one, we can express y and 7 as elliptic functions of a parameter u, and 
dz/du=(1/y’) dy/du must reduce to a constant. The problem of Briot and Bouquet 
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69. Existence of elliptic functions deduced from Euler’s equation. The reasoning 
of the preceding paragraph proves, in particular, that the general integral of 
the equation y2 = R(y), where R(y) is a polynomial of the third or of the fourth 
degree, prime to its derivative, is a single-valued function analytic except for 
poles in the whole plane. On the other hand, the inverse function, which is an 
elliptic integral of the first kind, has two periods whose ratio is imaginary (see 
II, Part I, § 56), This single-valued function is therefore doubly periodic, and 
we thus demonstrate the existence of elliptic functions by means of the integral 
calculus alone. 

The preceding proof of the single-valued property of the inverse function of 
the elliptic integral of the first kind is distinct from the one which has been 
given in § 78 of Vol. II, Part I, in which we make use of the properties of the 
function p(u). We shall also show in brief how we can take as our point of 
departure the theory of the integration of Euler’s equation, which will give an 
idea of the method pursued by the originators of the theory. 

Let us first consider the differential equation 


dz dy 
+ = 
Vi-2 vi-y 


whose general integral is z-V1— y? + y V1—? = C (§ 14). It is also clear that 
the general integral is given by the equation 


(29) 0, 


are sing + aresiny = C’, 


and therefore that we have between the two a relation of the form 


arc sing + arcsiny = F(@V1—y? +yV1—2?). 


In order to determine the function F, let us suppose y = 0; there results the 
definite relation 


(30) arc sin x + arc sin y = arc sin(#V1— y?4+ yV1—2?). 


This relation is equivalent to the addition formula. For let us take two angles 
u and v determined by the conditions 


2 =sinu, V1— 2? = cos u, le SIGs V1—y? = cos, 
where the radicals have the same values as in the preceding equations. The 


relation (80) gives 
ev1— y2+ yV1l—2=sin(u +), 


or 
sin (wu + v) = sin uw cosv + sin vcosu. 


However, to see in this work only an ingenious proof of the addition formula 
for the sine function would be to overlook entirely its broad significance. 
Indeed, we shall show that it leads to a very simple proof of the existence of a 
single-valued integral function which satisfies the differential equation 


(31) y2=1—y, 


has been generalized by Fuchs, who formulated the necessary and sufficient condi- 
tions that the general integral of an equation of the first order F(z, y, y’) =0, alge- 
braic in y and y’, may have only fixed critical points. Poincaré has since shown that 
when these conditions are satisfied, we are led to quadratures or to Riccati equations 
(Acta mathematica, Vol. VII). 
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and which reduces to zero for x = 0, while Fis equal to + 1forg = 0. Cauchy’s 
general theorem shows, indeed, that there exists an analytic function ¢ (2) satis- 
fying these conditions and analytic in the neighborhood of the origin, but it does 
not give the radius of convergence of the power series which represents ¢(z). 
Let R be this radius of convergence. The circle C of radius R about the origin 
as center is the greatest circle described about the origin as center within which 
the function ¢ (x) is analytic. The derivative ¢’(x) is analytic in the same circle, 
and we have ¢7(x) = 1— ¢?(x). Let us now return to the equation (29), and let 
us make the change of variables z = ¢(u), y = ¢(v), where wu and » are the two 
new variables and ¢ the function which has just been defined. If we choose 
the determination of the radicals in a suitable way, we have also 


Vi-a=¢(u), V1I-y=¢9'(v), 


and the equation (29) becomes du + dv =0. The general integral of this equa- 
tion can therefore be written in two different ways: 


utv=0, aVl—y+yV1l—2= 0” 
or 
$(u) $e) + ou) o(r) = 
Hence it follows, as before, that we have a relation between w+ v and 
¢(u) (ve) + ¢(u) P(v). Putting v = 0, the relation is determined, and we have 


(32) b(u + ¥) = $(u) o'r) + $(u) o(v). 
This relation holds, provided |u|< R, |v|<R, |u+ v|<R, which will surely 


be true if we have |u|< R/2, |v|<R/2. Let us put v=u and |u|< R/2; then 
the equation (32) becomes 


(83) $(2u) = 29 (u) ¢’(u). 

Let ¢,(u) be the function 2 ¢ (u/2) ¢’(u/2). This function ¢,(u) is analytic in 
the circle of radius 2 R about the origin as center, and, by (83), it is identical 
with the analytic function ¢(u) in the circle C of radius Rk. These two func- 
tions, ¢(u), ¢, (uv), form therefore only a single analytic function, which is ana- 
lytic outside of the circle C. It is therefore impossible that the radius R of this 
circle of convergence has a finite value ; consequently the function ¢(u) is an 
integral function of u. 

Let us now consider the differential equation 

(34) y? = (1—y*)(1— ky’), 
adopting for the right-hand side Legendre’s normal form, and let us study the 
integral (a) of this equation which is zero for c= 0 and whose derivative is 
equal to + 1 forg= 0. This function X(z) is analytic in the neighborhood of 
the origin. Let C be the greatest circle about the origin as center in the inte- 
rior of which the function d(x) is analytic except for poles, and let R be its 
radius. If the nearest singular point of \(z) to the origin were not a pole, we 
should take for C the circle through this singular point, and the function ) (x) 
would then be analytic in this circle. 

Let us now consider Euler’s equation 


dz, 


dx, = a = 
Ja) (1-2) Vd—2)(1— ep 


(35) 0. 
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Multiplying the numerator and the denominator of the right-hand side of the 
equation (66) (p. 29) by the conjugate of the denominator, and suppressing 
the common factor 2? — #2, we have for its general integral 


2 J (l= 9) 1— Pa) + VO-)- a) 


36 
ad 1— kate 


On the other hand, choosing the sign of the radicals suitably, the change 
of variables 2, = (wu), Z, = (v) reduces the equation (35) to the equation 
du + dv =0, whose general integral is u+v — 0’. If we make the same sub- 
stitution in the formula (36), we have a relation of the form 


DONO) RON ON rt ah 
1 — Kd? (u) 02 (0) 


We can determine the form of the function F, as before, by supposing v = 0, 
which gives F(u) = \(u); and we haye the definite relation 


d(u) X(v) + AC) NW) 


(87) A(U+ %) = 1— 2X) 20) 
Putting v = u, we find 
_ 2A) NH) 
(38) ‘ A(2u) = 1— kn#(u)’ 


a formula which holds true whenever |u| < R/2. 


Let us consider the function 
2 Xr (5) (3) 
2 2 


i Hm (2) 
2 


This function is analytic except for poles in the circle of radius 2 R aboui the 
origin as center, since it is the quotient of two such functions. Moreover, it 
coincides with \(u) in the interior of the circle C, by the relation (88). Hence 
the two functions \(u) and @(u) form a single analytic function, and (u) is 
analytic except for poles in a larger circle than C. It is therefore impossible to 
suppose that the radius R of this circle has a finite value, and consequently the 
function \(u) is analytic except for poles in the entire plane. 

The equation (37) constitutes the formula for the addition of the arguments 
of the function \(u). When k approaches zero, we find again at the limit the 
addition formula for sinu. The function sin u can, in fact, be considered as a 
degenerate case of \(u), obtained by letting k approach zero. 


@(u) = 


70, Equations of higher order. The study of the properties of the functions 
defined by differential equations of higher order presents much more serious 
difficulties than those which arise in studying equations of the first order. These 
difficulties result in a great measure from the possible presence of movable 
essential singularities. These singularities may be at the same time essentially 


singular points and transcendental critical points, as in the following example, 
due to Painlevé. The function 


(39) y = p[Log (Az + B); gz, 9], 
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where A and B are two arbitrary constants, #8 the general integral of the equa- 
tion of the second order, ; 


Ab 
6y2 — 22 
Ve f 


(40) ak ck Vor iat Be ele 
Y — 92Y — I V4y8 — goy — 9s 


In the neighborhood of every value of x different from — B/A this function 
(89) is analytic or analytic except for poles. 

When « turns around the point — B/A, the function has an infinite number 
of different values, unless 27i is an aliquot part of one of the periods of the 
function p(w; gj, gs). On the other hand, when the variable @ describes any 
sort of curve such that |Az + B| approaches zero, the point which represents 
the quantity u = Log (dz + B) describes a curve with an infinite branch. This 
curve therefore crosses an infinite number of parallelograms of periods of 
the function p(u), and consequently y does not approach any finite or infinite 
limit. Thus, although the general integral of the equation (40) presents neither 
fixed critical points nor movable algebraic critical points, we cannot conclude 
from this that it is single-valued. This is on account of the presence of the 
movable transcendental critical point, c=— B/A. 

Beginning with equations of the third order, the movable transcendentai 
singular points may form lines. It is easy to see how an analytic function hay- 
ing natural boundaries may not have any critical points in its whole domain of 
sexistence without being on that account single-valued. Consider, for example, 
a function f(z) analytic in the ring included between the two circles C and C’ 
described about the center a and having C and C’ as natural boundaries 
(II, Part I, § 87). The function F(z) = f(x) + Log (x — a) has the same circles 
C and C’ as natural boundaries, and it is analytic at every point between C 
and ©’. Nevertheless it has an infinite number of determinations for every 
value of x in this domain. 

For a long time these difficulties arrested the progress of this theory, but 
Painléve, in recent investigations, has obtained algebraic differential equations 
of the second order which are integrable by means of essentially new single- 
valued transcendentals. We shall cite only one of the equations given by 
Painlevé, fe. 
where a and # are constants (a8 40). The general integral of this equation is 
a transcendental function analytic except for poles.* (Bulletin de la Société 
Mathématique, Vol. XXVIII.) 


* Starting with linear equations, it is easy to form systems of differential equa- 
tions which generalize Riccati’s equation, and whose integrals have no other movable 
singular points than poles. Consider, for example, a system of three linear equations 
of the first order, 


(a) y’+ayt+bz+cu=0, w+ ayy + byz+ cyu=0, U + day + b2Z+ Cgu=O0. 
If we put y=uY, z=uZ, Yand Z are integrals of the system of equations 


(B) Y+aV+bZ+c- V(ag¥+b.Z+ c2)=0, 
DZ +a, ¥+d,Z + —- Z (dg ¥ + by Z + cy) =0, 


and it is clear that the only movable singular points of the integrals are poles. But 
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Ill. SINGULAR INTEGRALS 


71. Singular integrals of an equation of the first order. We have 
already remarked on several occasions ($§ 10, 14) that a differential 
equation of the first order may have certain integrals which it would 
be impossible to obtain by assigning a particular value to the arbi- 
trary constant which appears in the general integral This result 
appears to contradict the theorem of § 26, from which we deduced a 
precise definition of the general integral. This leads us to consider 
again Cauchy’s fundamental theorem and to determine by a closer 
examination whether or not the hypotheses of that theorem are 
necessarily fulfilled for all integrals. Let us consider, for definite- 
ness, an equation of the first order, 


(41) F(a, Y y') = 0, 
where F is an irreducible polynomial in z, y, y' of the mth degree 
in y'. To every system of values (,, y,) the equation 


(41') F(X) Vy y') = 9 
determines in general m corresponding distinct and finite values 
Yi> Yor'**) Ym for y'. Let us suppose first that this is actually true 
at a given point («,, y,). Then, as «—a#, and y — y, approach zero, 
the m roots of the equation (41) approach respectively yj, 43, +++, Yh: 
and each of them is an analytic function in the neighborhood of the 
point («,, y,). The root which approaches yj, for example, is repre- 
sented by a power-series development of the form 

(42) Y=¥itae—x)+ByY—H)+---. 
We can apply Cauchy’s theorem to the equation (42), and we con- 
clude from it that that equation has one and only one integral which 
approaches y, as |a — a,| approaches zero. This integral is analytic, 
and the development of y — y, begins with the term ¥,(2 —z,). To 


each root of the equation (41’) corresponds thus an integral of the 
given equation. 


it is to be noticed that this is not the most general system of differential equations 
of the form 


(Y) Y= R(x, Ns Z); Z’= Ry (x, ¥; Z); 


where # and R, are rational functions of Y and Z, which possess this property. 
In fact, let Y=$(¥q, 21), Z=Y (4, Z,) be relations defining a Cremona trans- 
formation, such that we can derive from them the inverse relations ¥i=¢) 4 2); 
Z,;=%1(%, Z), where ¢, ¥, $4, Y, are rational functions. If we apply this trans- 
formation to the system (8), we are led to a system having the same property, which 
is surely of the form (y) but not in general of the form (8). 
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The equation (41) has therefore m and only m integrals which 
take on the value y, for a =«,, and these m integrals are analytic 
in the neighborhood of the point x, In geometric language we may 
say that through the point 1, whose codrdinates are (2, Y,) there 
pass m integral curves with m distinct tangents, and that the point 
M, is an ordinary point on each of them. Besides, all the integrals 
of the equation (42) which for =a, take on values differing only 
slightly from y, satisfy a relation of the form ®(z, 7; Ly Yo t C) =O 
(§ 26), and the integral considered corresponds to the value C = 0 
of the arbitrary constant. 

If for r=2,, y=y, a root of the equation (41') is infinite, it 
will suffice to regard y as the independent variable and a as the 
dependent variable. The equation (41) is replaced by an equation 
of the same form, F(x, y, x,) = 0, which for x=2,, y=y, has a 
zero root z'= 0. If this is a simple root, we derive from it a develop- 
ment for x — x, in powers of y — y, beginning with a term of at least 
the second degree. Conversely, the point x, is an algebraic critical 
point for the integral which approaches y, when |a — a,| approaches 
zero (II, Part I, §100). Through the point («,, y,) there passes an 

“integral curve whose tangent at that point is the straight line a = ee 

The coérdinates (a,, y,) of a point for which the equation (41) 

has a multiple root satisfy the relation 


(43) R(x, y) = 9, 


which is obtained by eliminating y' from the two relations F = 0, 
OF /dy'=0. The equation (43) represents a certain curve (y), and 
for all the points of this curve the equation (41) has one or several 
multiple roots. Let («,, y,) be the coordinates of an ordinary point 
M, taken on this algebraic curve. We shall suppose, in order to 
treat the simplest possible case, that the equation 


Fy) Yor ¥') = 0 
has a double root yf but no other multiple root finite in value. If 
this double root were infinite, it would suffice to interchange x and 
y in order to pass to the case where it is zero. When |x — ,| and 
ly—y,|are very small, the equation (41) has two roots which differ very 
little from 7. These roots are not, in general, analytic functions of 
the variables x and y in the neighborhood of the point (z,, y,), but 
their sum and their product are analytic functions,* so that these two 


* The proofs of these properties are analogous to the proofs of the corresponding 
theorems on implicit functions of a single variable (II, Part I, § 98). 
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roots of the equation (41), which approach yj as |a —a,| and |y — y| 
approach zero, are also roots of an eqtation of the second degree, 


(44) y® —2P(a, y)y'+ Wa, y) = 9, 


where P(a, y) and Q(z, y) are analytic functions in the neighbor- 
hood of (a,, y,). From the equation (44) we find 


(45) y' =P(a, y)tVP*(@, y) — &(@, y), 


and these two roots are equal for all the points of the curve (y,) 
whose equation is P? - Q= 0. This curve (y,) is necessarily part of 
the curve (y), and since it passes through the point (,, y,), it coin- 
cides with (y) in the neighborhood of (a,, y,). In order to study 
the corresponding integral curve, we shall suppose that the origin 
has been transformed to the point M,, which amounts to putting 
x, = Y,= 0. Since the origin is a simple point of the curve (y), if we 
have chosen the axes of coérdinates in such a way that the tangent 
at the origin is not the axis Oy itself, the equation P? — Q=0 has an 
analytic root y = y,(x) which approaches zero as x approaches zero. 

In general, the slope of the tangent to the curve (y) at the origin 
is different from the double root y, = P(0, 0) of the equation (45) 
fora =y = 0. Let us first assume this point, which is almost self- 
evident, and return to it later. Then, if we put y=y,+ 2 in the 
equation (45), it becomes 


Yi t2' =P, y, +2) + V28(z, 2), 
where ®(a, 2) is a power series in x and z. It is clear that z must 
be a factor under the radical after the substitution y = y, + z, since 
y, is a root of the equation P?— Q=0. If we arrange (a, z) in 
powers of z, we have a development of the form 


W(x) + zp, (@) Bi zp,(x) Tints 

where y,, ¥,, ¥, are regular functions of x in the neighborhood of 
the origin. The function y,(@) cannot be zero for x = 0, for other- 
wise the development of 2@(a, z) would contain no terms of the first 
degree in x, z; whence the development of P?— Q would contain no 
terms of the first degree in a, y, contrary to hypothesis. Similarly, 
if we'replace y, by its development in the difference P(z, y, + 2) — yj; 
we have, after arranging in powers of z, 


P(a, Y,+ z) -—YA= py (2) 75 zp, (x) “c=, 
where the first function ¢,(#) does not vanish for x = 0, since by 
supposition the derivative y is different from P(0, 0) at the origin. 
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The equation (45) therefore reduces to an equation of the form 
(46) 2'=¢$,(@) + 26,(27) +--+ V2 Vw, (x) + 2, (@) +++, 
where neither of the functions $,(x) and y,(x) vanishes for x = 0. 


In this last equation let us put z = wv. Selecting a determination 
of the radical on the right, we find 


1 
(47) 2u = = ¢$,(v) + up (a) + see bUVY (x) + wy (ates. 


The right-hand side is analytic in the neighborhood of the point 
x= 0, wu = 0, since y,(0) is not zero. Moreover, this right-hand side 
is not zero for x = 0, wu = 0, since ¢,(0) is not zero. The derivative 
du/dx is infinite for = «w=0. Hence the equation (47) has one 
and only one integral which approaches zero as x approaches zero 
($63), and for which the origin is an algebraic critical point. 

It follows that the given equation (44) has an integral y= y,+? 
which approaches zero as x approaches zero. The adoption of the 
opposite determination of the radical in the equation (47) would 
amount tochanging uw to — uw in that equation, and we should obtain 
the same function y, + wv”. The origin is an algebraic critical point 
for this integral. Let a, be the term independent of « and of w in 
the development of the right-hand side of the equation (47), and let 
b, be the coefficient of w in the same development. Developing x in 


powers of u, we find 
2 
uw 2b 
fa — — a Ue, 
a, 3a 


Conversely, we derive from this a series for uw in powers of «’”, 
= b 
u=Va,at + 3a + teey 


and the development of y, + w? contains a term in 2°”, The origin 
is therefore a cusp for the integral curve which passes through this 
point, and we can say now that the curve (y), represented by the equa- 
tion (43), is, in general, the locus of the cusps of the integral curves. 
Through a point of the curve (y) there passes, in general, an inte- 
gral curve that has a cusp of the first kind at this, point, and the 
tangent at the cusp has for its slope the double root y. If the equa- 
tion (41) is of higher degree than 2, there pass through the same 
point other integral curves, corresponding to the simple roots of the 
equation F(x,, Y) y') = 9, for which this point is an ordinary point. 
The discussion is entirely different when for every point («,, y,) 
of the curve (y) the corresponding double root yo of the equation (41) 
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is equal to the slope of the tangent to the curve (y) at this point. 
In this case we see first of all that the curve (y) is an integral curve 
of the equation (41). Moreover, it is an integral which is entirely 
unaccounted for in Cauchy’s fundamental theorem, whatever may 
be the point chosen on the curve to fix the initial values of « and y. 
For if we take the point (~,, y,), the equation 


F(a, y, y') =9 

has two roots which approach yj, as |a —%,| and |y — y,| approach 
zero; but these two roots are not in general regular functions of the 
variables x and y in the neighborhood of the values z,, y,, and we 
cannot apply Cauchy’s theorem. The integral thus obtained is said 
to be a singular integral. The investigation of singular integrals 
does not offer any theoretical difficulties, since it is evidently suffi- 
cient to determine whether the curve represented by the equation 
(43) satisfies the differential equation (41), and this necessitates only 
an elimination. It may happen that the equation (43) represents two 
distinct curves, one of which is a singular integral curve and the 
other the locus of the cusps of the integral curves. 

If the curve (y) is a singular integral, through each point of that 
curve there passes in general another integral curve tangent to (y). 
Let us take for origin any point of (y). We know in advance an 
integral y, of the equation (45), namely, the singular integral for 
which we have simultaneously 


(48) i= P(x, y,) P*(@, ¥y) = Q@, mH): 
Putting y = y, + z, as above, the equation takes the form (46), but 
in this case the function ¢,(«) is zero, since z = 0 must be an inte- 
gral of this new equation. Retaining the other hypotheses, the fune- 
tion y,(x) is not zero for « = 0, and if we next put z= uv? in the 
equation (46), we are led to an equation all of whose terms are 
divisible by wu. Dividing by wu, there remains a differential equation 


(49) 2u' =u[d,(2) +(x) +++-] tEVYy,(x) + wy, (x) +---, 


to which we can apply Cauchy’s general theorem. Since the func- 
tion y,(x) is not zero for x = 0, the two determinations of the radi- 
cal are analytic for = 0, w= 0. The equation (49) has therefore 
two analytic integrals in the neighborhood of the origin which van- 
ish for «= 0, and it is easily seen that these two integrals are 
deducible one from the other by changing uw to —u It follows that 
the equation in y has another integral curve 


Y=Y%twv, 
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which is tangent to the curve (y) ‘at the origin. But there is an 
essential difference between these two integrals. In fact, we can 
apply the general theorems of § 26 to the equation (49), and the 
integral of this equation which is zero for x = 0 belongs toa family 
of integrals which depend upon one arbitrary constant. The same 
thing is therefore true of the integral curve which is tangent to the 
singular integral curve at the origin, whereas the singular integral 
itself is in general an isolated solution. This fact is easily explained, 
since we cannot apply to this integral the reasoning which proves 
the existence of a general integral (§ 21) from which we could 
obtain the former by giving a particular value to the constant 
which appears in the latter. 

The singular integral is therefore in general the envelope of the 
other integral curves. Lagrange had already noticed that the enve- 
lope of the curves represented by the general integral of a differen- 
tial equation of the first order is also an integral of the same equation, 
which is almost self-evident, since at any point of the enveloping 
curve theSlope of the tangent is the same for the envelope and for 
the particular curve enveloped at that point. We can also find in 
this way the rule which enables us to deduce the singular integral 
from the differential equation itself. In fact, let us first take a point 
M very near the envelope. Through this point 7 there pass two 
integral curves very close to each other. Moreover, the slopes of 
the tangents to these two curves differ from each other very little. 
When the point 1 approaches the envelope, these tangents approach 
coincidence, and the equation (41) has a double root in y’ (see I, 
§ 208, 2d ed.; § 202, Ist ed.). 

Summing up, we see that for an equation of the first order two 
entirely distinct cases may present themselves, according as the 
curve (y) is a singular integral curve or the locus of the cusps of the 
integral curves. It is natural to ask which of these two cases ought 
to be considered as the normal case. A little attention will show that 
it is the second. In fact, the curve (y) is also the envelope of the 
curves represented by the equation F(a, y, 7) = 0, where a is the 
variable parameter. If the differential equation (41) had a singular 
integral, whatever the polynomial F might be, we should be led to 
assert a consequence which is manifestly absurd — that is, that at 
every point of the envelope of a family of algebraic curves the slope 
of the tangent is equal to the value of the parameter for the corre- 
sponding curve of the family tangent to the envelope at that point. 
If this condition is satisfied by a family of curves, it suffices to 
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change the parameter (putting, for example, a = a'+ e) in order 
that this condition shall cease to hold. We see, therefore, that if 
we start from an equation of the first order in which the coeffi- 
cients of F are taken at random, rather than from an equation fur- 
nished by the elimination of an arbitrary constant, the cases where 
there exists a singular integral must be considered as exceptional. 
If this result formerly appeared paradoxical to some mathemati- 
cians, that was no doubt because, up to the time of Cauchy’s work, 
the equations studied had been principally those whose general inte- 
gral is represented by algebraic curves. As a family of algebraic 
curves has in general an envelope, it appeared quite natural to 
extend the conclusion to the integral curves of any differential 
equation of the first order. We have just seen that this induction 
was not justified.* Moreover, even in the case where a family of 
plane curves depending upon a variable parameter has an envelope, 
the method which enables us to find that envelope gives also, as 
we have seen (I, §§ 207, 208, 2d ed.; §§ 201, 202, 1st ed.), the locus 
of singular points. 


72. General comments. Hxrample 1. Let us take the equation 
(50) y? + 2ay'—y=0. 


The two values of y’ are equal for all the points of the parabola 
y + x = 0, and the double root is equal to — z, while the slope of 
the tangent to the parabola is — 2a. This curve is therefore not a 
singular integral curve. We shall show that it is the locus of the 
cusps of the integral curves. The equation (50) is a Lagrange 
equation. Applying to it the general method of § 9, we find that the 
coérdinates # and y of a point of an integral curve are expressed in 
terms of a parameter p by means of the equations 


9 2 
(51) ees Maio 


5 aa Merit D8 Bs 


*In the theory of envelopes we suppose tacitly that in the neighborhood of a 
system of solutions (x9, Yo, @o) of the two equations f(x, y, a) =0, éf/@a=0 the 
functions f and @f/da, together with their partial derivatives, are continuous, so that 
we can apply to the functions x and y of a defined by these two equations the reason- 
ing which we apply to implicit functions. Now, given a differential equation of the 
first order, we know certainly that it has an infinite number of integrals depend- 
ing upon an arbitrary constant and represented in a certain region by an equation 
¢ (x, y, C) = 0, but there is nothing to prove a priori that this function ¢ (x, y, C) 
satisfies the conditions which we have just mentioned. We may even assert that it is 
not true in general. 
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It follows that these integrals are represented by unicursal curves of 
the fourth degree. For the values of the parameter which are roots 
of the equation p* + 3 C = 0 we have dx/dp = dy/dp = 0. Each of 
these curves has therefore three cusps, and the locus of these points 
can be found by eliminating p and C from the equations (51) and 
the relation p* =— 3 C, which gives the parabola y + a = 0. 

Example 2. Let us again consider Euler’s equation Xy” = Y. The 
two values of y' are equal for all the points of any one of the eight 
straight lines represented by the equation XY=0. These eight 
lines represent the singular solutions, and form the envelope of the 
curves represented by the general integral. 

Example 3. We can use the following method to determine whether 
singular solutions exist. From what we have seen, such an integral, 
if it exists, satisfies the equations 


F(a, y, y') = 0, a7 = 9, 


and consequently also the equation 0F'/éx + éF /éy y' = 0 obtained by 
differentiating the first. Conversely, suppose that for all the points 
of a curve (y) the three equations 


Oram ie eb 
om 


(52) F(a, y, m)= 9, 


have a common solution in m. Along the curve (y), x”, y, and m are 
three functions of a single variable satisfying the three relations 
(52). We have therefore the relation between their differentials, 
OF 
= a 
Chass y 


which, by (52), takes the form 


or 


OF 
ay dy + 7 dm = 0, 


If 6F/dy is not zero at all the points of the curve (y), we have 

therefore y! = m, and this curve is a singular integral curve.* If 

OF /dy = 0, we must also have 0F'/éx = 0, and a direct verification is 

necessary to determine whether the curve (y) is an integral curve. 
This remark applies in particular to Clairaut’s equation 


F(a, y, y=Sy', y — y') = 9. 


*See an article by Darboux in the Bulletin des Sciences mathématiques, 
Vol. IV, 1873, pp. 158-176. 


206 NON-LINEAR DIFFERENTIAL EQUATIONS _ [IV, § 72 


Putting, for the sake of brevity, u=y— ay’, the three equations 
which are to be compatible are here 


Cee of of 
SY’, y — xy’) = 9, Fi 8 =O I a BS 6 Ra 


and they reduce to only two equations. A singular integral is there- 
fore obtained by eliminating y' from these two relations. 


. 


Example 4. Consider the equation 


1 
Si el Aca 8 Ma ir | a le dl 


whose general integral is represented by the circles which have double contact 
with the conic x2 (1— m2) + 42 + K =0, 
and which have their centers on the z-axis. This conic represents a singular 
solution. Moreover, the two values of y’ become infinite for every point of the 
axis of z. This straight line is not, however, a locus of the cusps. Through any 
point of it there pass two integral curves tangent to each other, the common 
tangent being parallel to the axis of y. 

Example 5. In order that a curve C represent a singular integral, it is not 
enough to require that at all the points of that curye the equation (41) shall 
have a double root. It is also necessary that that double root shall be precisely 
the slope of the tangent to C. Let us consider, for example, the cissoids repre- 
sented by the equation (y— 2a)?(c— a)—az?=0. The straight line z= 0 is the 
locus of the cusps of these curves, and it represents also a particular integral 
obtained by supposing a= 0. At every point of this integral curve the corre- 
sponding differential equation has the double root y’ = 0 and an infinite root. 
It is therefore not a singular integral curve. 

Example 6. Let S be a surface having convex regions and also regions 
where its curvature is negative. These regions are separated by a curve I’, the 
locus of the parabolic points, at every point of which the differential equation 
of the asymptotic lines (I, § 243, 2d ed.; § 242, 1st ed.), 


Ddu? + 2 D/du dv + D’dv? = 0, 


has a double root in dv/du. This double root furnishes the direction of the 
single asymptotic tangent. If the tangent to I does not coincide with this 
asymptotic tangent (which is the general case), the curve I is the locus of the 
cusps of the asymptotic lines; but if the asymptotic tangent at each point M 
of I coincides with the tangent to I’, the curve is the envelope of the asymptotic 
lines. This curve I’, therefore, is at the same time an asymptotic line and a line 
of curvature, since the tangent is also an axis of the indicatrix. The normals 
to the surface S along T form, therefore, a developable surface, and since the 
normal to S is the binormal to the curve I, it follows that T is a plane curve 
(I, § 285, 2d ed. ; § 231, Ist ed.) and the given surface S is tangent to the plane P 
of the curve I along the entire length of that curve. 

Let us consider, for example, a surface of revolution. In order that one of 
the principal radii of curvature at a point M of this surface be infinite, the 
radius of curvature of the meridian must be infinite or the tangent to this 
meridian must be perpendicular to the axis. In the first case the curve T isa 


¢ 
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parallel each point of which is a point of inflection for the meridian, the asymp- 
totic tangent is perpendicular to the tangent to [, and this parallel is a locus 
of the cusps of the asymptotic lines. On the other hand, in the second case the 
curve I is a parallel in all of whose points the surface is tangent to the plane 
of this parallel, as in an anchor ring. It is also the envelope of the asymptotic 
lines. All these results are easy to verify directly from the differential equation 
of the asymptotic lines in polar codrdinates. 


73. Geometric interpretation. The preceding discussion may be presented in a 
somewhat different form, which we shall rapidly indicate. We shall continue 
to employ geometric language, although the reasoning can be extended without 
difficulty to the domain of complex variables. 

We have already pointed out (§ 8) that the integration of a differential 
equation of the first order F(a, y, 7’) = 0 is equivalent to the determination of 
the curves I which lie on the surface S whose equation is 


(53) F(x, y, 2) =0 


and for which dy — zdz = 0. The projection c on the zy-plane of a curve I of the 
surface S satisfying the preceding conditions is an integral curve of the given 
differential equation, and conversely. We shall suppose in the discussion that 
this surface S has no other singularities than the double curves along which two 
sheets of the surface cross with distinct tangent planes. Instead of studying 
the curves c in the zy-plane, we shall study the curves I on the surface S. 

Let us consider first a point M) (9, Yo, Zp) of the surface S not on a double 
curve nor where the tangent plane is parallel to the z-axis. The tangent to the 


curve I which passes through M, lies in the tangent plane at this point, 


(54) (X— 2) (E) +e - v) (=) + 2-29 (EZ) =o, 


and also, since we must have dy — zdz = 0, in the plane 
(55) Y — Yq — %(X — XZ) = 0. 


These two planes are distinct, since (¢F/6z), is not zero; hence they intersect 1n 
a straight line not parallel to Oz. Through the point M, there passes, therefore, 
one and only one curve T whose tangent is not parallel to the z-axis. The 
projection ¢ of this curve on the zy-plane passes through the point mp), the 
projection of M,, and m, is an ordinary point for c. If the point M, belongs 
to a double curve of S, the preceding reasoning applies to each of the two sheets, 
provided that none of the tangent planes at M, are parallel to Oz. Through the 
point M, there pass, therefore, two curves T corresponding to the two sheets 
of the surface S. It remains to find out what happens if the point Mj lies on 
the curve D of S, the locus of the points for which we have simultaneously 
F=0, 0F/éz = 0. We shall suppose that this curve D is not a double curve. 
It is, then, the locus of the points of S where the tangent plane is parallel to Oz, 
and one at least of the partial derivatives 0F/éz, @F/oy is different from zero 
at the point M,. Hence the two planes (54) and (55) are parallel to the z-axis, 
and their intersection is parallel to Oz unless these two planes coincide, that 


is, unless we have 


(56) cake %y (FG) 0. 
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Let us first discard the case in which this happens. The tangent to the 
curve I’ which passes through M, is parallel to Oz, but this curve itself does 
not present any singularity at the point Mj. To assure ourselves of this, we 
shall replace the system of the two equations 


(57) F (a, y, 2) = 90, dj=7 ar 
by the system of the two simultaneous equations 
dz dy =a 
(68) or OF OF , ak 


Oz Oz ex oy 
with the initial conditions c = 4), y = Yo, = Zp. The two systems are equiva- 


lent. In fact, from the equations (58) we derive the integrable combination 
dF=0. Hence we have F(z, y, 2) = F(Z, Yo, 2) = 9. Now, since 


oF oF 
Gels % on 


does not vanish by hypothesis, we derive from the equations (58) the develop- 
ments of x — a, and of y— y, in powers of z— z, beginning with terms of at 
least the second degree, 


L— Ly = A(z — %)? +++, Y — Yo = By (Z — 2%)? ++. 


The point M, is therefore an ordinary point for the curve I which passes 
through this point, but the projection m, of M, on the plane zOy is a cusp (in 
general of the first kind) for the curve c, the projection of T. This results, more- 
over, from a general property, which is easily verified, that the projection of a 
space curve on a plane, in a direction parallel to the tangent at a point M of 
the curve, has a cusp at the point m, the projection of M (I, Exercise 13, p. 582, 
2d ed.). If d denotes the projection of the curve D on the zy-plane, it follows 
that the curve d is the locus of the cusps of the integral curves c, as we have 
shown before. The preceding method has the advantage of showing us how this 
singularity disappears when we pass from the plane to the surface S. 

The result is quite different when the relation (56) is satisfied at all the 
points of the curve D. The two planes (54) and (55) are then coincident, and 
we have the case in which there exists a singular integral. Through every point 
of D there pass in general two curves TI, the curve D itself and the second curve 
whose projection on the zy-plane is tangent to the singular integral curve d. 


74. Singular integrals of systems of differential equations. The theory of the 
singular integrals may be extended to systems of differential equations of the 
first order, and therefore also to equations of higher order. We shall study 
only a system of two equations of the first order (which covers also the case of 
a single equation of the second order), and we shall employ a process which is 
the reverse of the preceding —that is, we shall consider first of all a system 
obtained by the elimination of the constants.* Let 


(59) TOC in 8 CO) (5 yes a, 6) = 0 


*See E. Goursat, Sur les solutions singuliéres des équations différentielles 
simultanées (American Journal of Mathematics, Vol. XI). 
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be the equations of a family of plane or skew curves which depend upon two 
arbitrary parameters a and b. Such a family is called a congruence of curves. 
Let us suppose, for simplicity, that the functions F and @ are polynomials. The 
curves of the congruence are then algebraic. We shall first generalize the 
theorems established for the congruences of straight lines (I, § 255). If we 
establish a relation between a and 6 of arbitrary form b = (a), We obtain an 
infinite number of curves I depending upon a single arbitrary parameter a. 
In general these curves do not have an envelope. In order that an envelope 
exist, it is necessary that the four equations (59) and (60) shall have a system 
of common solutions in ag, y, z (I, § 215, 2d ed. ; § 223, Ist eda): 


OF oF db_ 


Od ob db _ 0 
oa ab da 


60 << = 
oat oa cb da 


0, 
The elimination of z, y, z from these four equations leads to a relation 
between a, b, and db/da, 


db 
(61) II («, b, =) =0; 


that is, to a differential equation of the first order. If we have taken for | 
6 = ¢(a) an integral of this equation, the curves I will generate a surface = 
and will be tangent to a curve C lying on =. We shall call this curve C the edge 
of regression of 5, as in the case of line congruences. If the equation (61) is of 
degree m in db/da, every curve I of the congruence belongs, in general, to m 
surfaces similar to =, and it touches the corresponding edge of regression on 
each of these surfaces in a definite point. Thus there exist m remarkable par- 
ticular points on each curve I of the congruence, which we call the focal points. 
These focal points can be obtained without integrating the differential equa- 
tion (61), for we need only solve the four equations (59) and (60) for a, y, 2, 
db/da. We find first the relation (61), which gives db/da, and, eliminating db/da 
from the two equations (60), we have a new relation, 


D(F,®) oF 6@ oF @@ _, 
D(a,b) da Gb ab oa 


(62) ; 
which, together with the two equations (59) of the curve I, enable us to calcu- 
late the coédrdinates of the focal points. 

The locus of the focal points is the focal surface of the congruence. We 
obtain the equation of this surface by eliminating a and b from the three rela- 
tions (59) and (62). The focal surface is also the locus of the edges of regres- 
sion C of the surfaces =. In fact, any point of the curve C is a focal point 
for the curve of the congruence which is tangent to C at that point. It follows 
that every curve I of the congruence is tangent to m sheets of the focal surface 
at the m corresponding focal points, since at each of these points it is tangent 
to a curve C lying on the focal surface. All these properties are exactly analo- 
gous to the properties of congruences of straight lines. In general, if F and ® 
are any polynomials, the m sheets of the focal surface are pe reeeutad by a 
single equation, but it may also happen that this equation breaks up into sey- 
eral distinct equations. In certain particular cases it may also happen that 
some of the sheets of the focal surface reduce to curves, In such a case the 
corresponding edge of regression C reduces to a point. ; 
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The conclusion which we can derive from these properties with respect to 
differential equations is as follows: The curves I are the integral curves of a 
system of differential equations which is obtained by eliminating the constants 
a and b from the equations (59) and the equations obtained by differentiating 
them : 


oF oF oF a@ ae oe , 
63 El oe, Ee A, fy 
a ai fey Lee : ox ay” a 
Let 
(64) S (a, Y, 2, Y, 2) =0, S, (a, Y, ZY; z)=0 


be the system of differential equations thus obtained. The equations (59) rep- 
resent the general integral of this system, since by hypothesis we can choose the 
constants a and b in such a way that the curve T passes through any point 
(Xo, Yor Zo) Of space. If through this point there pass n curves I’, the equations (59) 
determine n systems of values for a and b. The equations (63) determine 
y’ and z’, and we see that for the point (9, Yo, 2,) the equations (64) determine 
n systems of values for 7’ and 2’. But the edges of regression C are also integral 
curves of the equations (64), since in a point of C the values of a, y, z, y, 7 
are the same for C and for the curve T tangent to C' at that point. The equa- 
tions (64) have, therefore, besides the integrals represented by curves I, an 
infinite number of other integrals, not included in the equations (59), which 
are obtained by integrating the equation of the first order (61) ; these are the 
singular integrals of the system. 

On closer examination we see that the existence of the focal surfaces does 
not in reality require that the curves [ shall be algebraic. It is sufficient that, 
in the neighborhood of a system of solutions (2), Yo, 2), 4, 09) Of the three 
equations 

(65) F(a, y, z, a, 6) = 0, DG. ea aU) 0" BUS) =O. 

D(a, 6) 
the implicit functions 2, y, z of the parameters a and 5, defined by these three 
equations, which reduce to 2, Yo, 2), for a= a, b= bo, shall be continuous 
and have continuous derivatives in the neighborhood. In fact, let 

(66) « =f, (a, 6), y =F, (a, 5), z=; (a, b) 
be these three functions. The sheet of the focal surface which passes through 
the point (29, Yo, Zo) is represented in the neighborhood of this point by the 
equations (66), where the values of the parameters a and b are near a, and by. 
It is easy to derive from this the equation of the plane tangent to the focal sur- 
face. In fact, when the point a, y, z describes any curve on this surface, 2, y, 
z, a, b are functions of a single independent variable which satisfy the equa- 
tions (65) ; hence the differentials of these functions satisfy the two relations 


oF oF oF oF oF 
ox + 6 oz 6 6b = 0 
= by Ub 35 ae : 


é 
ke ad ok ob ob 

bau + oy + bz da ob ==, 
ox oy 0 oz 7 oa * ob 


Making use of the last of the relations (65), we can eliminate da and 6d, and 
we find the new relation 


IE Dg DED ees 


67 a 
a D(z, b) Dy, 6) D(z, b) 


oZi== 0; 
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We have only to replace dz, dy, dz by X= Lp, Y—Yo, Z—Z%, respectively, in 
order to have the equation of the plane tangent to the focal surface. It is easy 
to show that this plane passes through the tangent to the curve . The prop- 
erties of the focal surface suppose, therefore, only that we can apply the 
theory of implicit functions to the equations (65), and in particular that the 
functions F, $, together with their partial derivatives, are continuous in 
the neighborhood of a system of solutions 29, Yo, 2; 2%; by. This is certainly 
true when F and © are polynomials, but it is clear that it is also true for 
many other functions. Let us also observe that if the curves I have singular 
points, the locus of these singular points forms a part of the focal surface. 
This is shown as in the case of the analogous proposition relative to plane 
curves (I, § 207, 2d ed.; § 201, Ist ed.). 

Let us now examine the question from the opposite point of view. Given a 
system of two differential equations of the first order, such as the system (64), 
let us propose to determine whether this system has singular integrals. We 
shall suppose that # and Sy are polynomials. Let Mp be any point (2, Yo, 2p) 
of space. If a, y, z are replaced by 29, Yo, 29, respectively, in the equations (64), 
these equations have in general a certain number of systems of solutions. Let 
pe Zz be one of these systems. Let us assume first that, for this system of solu- 
tions, the Jacobian D(A, S,)/D (y’, 2) is not zero. From the equations (64), y’ 
and 2’ can be found as regular functions in the neighborhood of the point 
(Xo, Yoo Zo)s 

Y =Yyta(e—%)+---, Y= 2+ a, (T—%) + +>, 

which reduce to yj and z), respectively, fort=2), y=Yp, Z=2). The equations (64) 
have therefore an integral curve passing through the point M) tangent to the 
straight line whose equations are Y—y,= yj, (X —%), Z—% =%(X — 4). 
Moreover, this curve forms part of a family of integral curves depending upon 
two arbitrary parameters (§ 26), This conclusion does not hold if we have 
D(F, S\)/D(y5, %) = 0; but this can occur only if the codrdinates (x, Yo, 2) 
satisfy the relation 

(68) R(z, y, z) = 9, 
which is obtained by eliminating y’ and z’ from the three equations 
DIAS) _o 
Diy’, 2) 

The equation (68) represents a surface S, and, from what we have just seen, 
an integral curve which does not lie on the surface S cannot be a singular 


integral curve. 7 

If the point M, is on the surface S, the three equations (69) have for this point a 
system of common solutions, y’ = yj, 2 = z. If the straight line D represented 
by the equations 


(69) Ff =0, of, = 0; 


(70) Ea % — F—to 2% 
Yo % 

is not tangent to S (which is the general case), there is an integral curve pass- 

ing through the point M, and tangent to the straight line D. It has been shown 

that the point M, is in general a cusp for that curve. What is essential for us 

is that this integral curve cannot be on the surface, since its tangent is not in 

the tangent plane. In order that singular integrals may exist, in each point of 
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S the corresponding straight line D must therefore be situated in the plane 
tangent to the surface. This condition is sufficient, for then through each point 
of S there passes a curve lying on the surface and tangent to the line D. These 
curves are determined by a differential equation of the first order, and they are 
indeed singular integral curves, for at each of their points the values of 7’ and 
of z form a multiple system of solutions of the equations (64). 

Example 1. Consider the simultaneous system of equations 

(71) y— «ty =0, gig — gt 4 42 — I. 
The two values of z’ are equal for all the points of the cylinder z* + y2-—1=0, 
and the direction corresponding to that double roct is the perpendicular dropped 
from the point (x, y) on the z-axis. Since this perpendicular is not in the tangent 
plane to the cylinder, there cannot be any singular integrals. In this example it 
is easy to verify that the cylinder is the locus of the cusps of the integral curves, 
for the general integral of the system (71) is represented by the equations 


Sa (Orie z=V2? + y? —1— are tan V2? + y? —14 CZ 
Example 2. Every system of differential equations of the form 
(72) F(y— ay’, z— «2, y’, 2’) = 90, €(y—ay, 2-22, y, 7) =9, 


which may be considered as a generalization of Clairaut’s equation, is easily 
integrated by observing that the preceding relations lead to the equations 


(= =) i (o _) Ss 
Sf i se — c—)z”=0, 
oy’ ou 02’ ov 


@ o® o® @ 
(7) 2) y+ (2 SF) =o, 
oy’ ou Gre ev 


where u=y— ay’, v=z—«2z’. These last equations are satisfied by assuming 
that y” = 0, 2” = 0, or by supposing that we have 
oF OF \ /o® © F F 
(73) ( —2 )( -2)_(¢ see ) (SS) =o. 
oy’ ou / \ ez’ ov Oz’ ov / \ey’ ou 
Under the first supposition, y’ and z’ are constants a and b; whence we see 


that the curves which correspond to the general integral are the straight lines 
of the congruence represented by the two equations 


F(y — ax, z— bz, a, b) = 0, @(y — ax, g— be, a,b) = 0. 

There are also singular integrals, since the straight lines of the congruence 
are tangent to the two sheets of a focal surface. These singular integrals are 
the edges of regression of the developables of the congruence, and are obtained 
by the integration of a differential equation of the first order. The equation of 
the focal surface is obtained by eliminating y’ and 2’ frum the relations (72) 
and (73). 


EXERCISES 
1. Examine the following differential equations for singular solutions : 
28 4 
yy? + (« + 5) y—A+2)y— = =a [SperRev.] 
ay?y — yey’ + are = 0. [ScuLomiccu. | 
y2—2eVyy + 4yVy=0. [Booxe.] 
(cy’ — y)? — 2Qay (1+ y%) =0. [Hotet.] 


2aey (1+ y) — (zy + y)? = 0. [Moieno.] 
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2*, The equation H(a, y) = 0, obtained by eliminating y’ between the two 
relations F(z, y, y) = 0, 6F/0x+ ¢F/dyy = 0, represents the locus of the 
points of inflection of the integral curves. 

Deduce from this the theorem of § 72, in regard to the locus of the cusps of 
the integral curves, by means of a transformation of reciprocal polars. 

[Darsoux, Bulletin des Sciences mathématiques, Vol. IV, 1873.] 


3. Determine the singular integrals of the system of differential equations 
y=ay $y? + 2, 2=20 + 2’. [SERRET. ] 


4. Determine whether the differential equation of the second order, 
g2 
UGC G Eien (2 ty’ + 5M + y? + ty —y =0, 


has singular integrals, and find any that exist. (LAGRANGE. ] 
[Replace this equation by a system of two equations of the first order.] 
5*. Given a differential equation of the second order, 
F(t, y, y’, y’) = 9, 
by eliminating y” between this equation and the relation ¢F/éy” = 0 we obtain 
a differential equation of the first order P(x, y, y’) = 0, whose integrals have 
in general the following property : Through each point M of one of these inte- 
gral curves C there passes an integral curve of the equation F = 0, which has a 
cusp of the second kind at M, and whose cuspidal tangent is the tangent to the 
curve C at this point. [American Journal of Mathematics, Vol. XI, p. 364.] 
6. Establish the properties of e* by starting with the general integral of the 
differential equation dr/z + dy/y = 0, written in the algebraic form zy = C. 
Consider the same question for the function tan, finding first the general 
integral in algebraic form of the differential equation 


dz i. Cyan 
1+22 1+ 
7*. Let y’ = R(z, y), where R(a, y) is a rational function of y whose coeffi- 
cients are analytic functions of z, be a differential equation of the first order 
having a general integral of the form 
=! eee 
(1) bolt) yn + s(t) P~* + 01+ On) _ HG, ) = 0, 
Wo(Z) y” + Yy(z)y*—1 + +++ + Yn(2) 
Prove that this equation can be reduced to a Riccati equation by a substitution 
of the form u = R,(z, y), where R, is a rational function of y. [PAINLEVE.] 


Note. It will be noticed that the equation (1) can be written in the form 
y" + (A(z) + Bya)ujy"-2 + + + [An—2@) + Brie) wy + w= 0, 
where u = (¢n — CYn)/($y — Cy), and that u satisfies a Riccati equation, while 
the functions A;, B; are known. 
8. If we seek to determine the function f(a) so that the envelope of the 
straight lines z cosa +ysin a=f(q@) shall be a given curve C, we are led to 


a differential equation whose general integral is represented by the straight 
lines which pass through a fixed point of C. The true solution is furnished by 


the singular integral, 


CHAPTER V 
PARTIAL DIFFERENTIAL EQUATIONS OF THE FIRST ORDER 


This chapter is devoted to the theory of partial differential equa- 
tions of the first order. We shall consider for the most part the 
reduction of the integration of an equation of this type to that ofa 
system of ordinary differential equations. Although this reduction is 
not, in many cases, of any practical utility, it nevertheless possesses 
great theoretical interest, for it enables us to determine just how 
difficult the problem is. Although not all the arguments require 
that the integrals considered shall be analytic, we shall restrict our- 
selves to that case unless the contrary is particularly stated. 


I. LINEAR EQUATIONS OF THE FIRST ORDER 


75. General method. We have already seen that the integration 
of the homogeneous equation 


aH & of of 
X Spx to apy 
(1) 1 ox, a6 x, Ox, a ic Xx, 02, 0, 
where X,, X,,---, X, are functions of x,, x,,---, x,, and the integra- 
tion of the system of differential equations 
(2) Ce ey eee 
bebe. x 


are equivalent problems (§ 31). If f, f,,---, f,-1 are (n —1) inde- 
pendent first integrals of the system (2), the general integral of the 
equation (1) is an arbitrary function, 


DCPs dss a ano 
of these (n — 1) integrals. 

We can obtain the integral satisfying the Cauchy condition as 
follows: Suppose that: the coefficients X; are analytic in the neighbor- 
hood of a particular system of values a9, 29,---, #9, and that the first 
coefficient (X,), does not vanish at that point. Solving equation (1) 
with respect to éf/éx,, we can apply to it the general theorem of 
§ 25. Hence there exists an analytic integral in the neighborhood 
mentioned, which reduces, for x, = x?, to a given analytic function 
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P(X, Ls, +++, Lp) of the (n —1) vatiables Haj) Ns, --*, X,. In order 
to obtain this integral, let us write the system (2) in the form 
1 can vat ae 

where the right-hand sides are analytic in the neighborhood of the 
point (x{, 2,---, a). There exists a system of analytic integrals 
reducing to given values C,, C,,---, C, for x, = 2%, provided that 
each of the absolute values |C; — z¢| is less than a certain limit, and 
these integrals are analytic functions of x, and of the parameters C,, 
Cy,--+, C, (§ 26), which are represented by developments of the form 


3 

Ee aC, Pes, Cay Cy, oy Cy) (2, 34), 
Solving these (n —1) equations for the Cs, we obtain a system of 
(rn —1) first integrals of the equations (2), represented by the 
developments 

(5) Ci, = 2; + (a — 2) Q; (4%, Ha, +%+) B,), (= 2, 3, eure) 2) 
where the Q,’s are analytic functions. It is clear that the function 
$(Cy, Cy, +++, Cy) of these (mn —1) first integrals is analytic in the 
neighborhood of the point (x, ---,a,) and reduces to @(@,, 7, +++, X,) 
fore, = 27; 

Let us now consider any linear equation 


Oz dz Oz 
(6) Bisel adept * iti gain aa ate 
where P,, P,,+++, P,,; R may depend both upon the independent 
variables x,, #,,-+-, #, and upon the dependent variable z. We 
shall reduce this equation to the form (1) by means of a device 
very often used in the study of partial differential equations. 
Instead of trying to find the unknown function z directly, we shall 
try to define it by means of an equation not solved for 2, 


(7) Vi, x5 Xo) Sree) 2s) = 0, 


where the function V of the (7 +1) variables 2, x,, x,,---, x, 18 
now the unknown function. From this relation we derive, by 


differentiation, 
GV. eV ez QV. OV Gz may 
= —$ s ——- = PREEC —_— SS eS 3; 
ee) Ce : On, 0202, 


and, replacing 0z/éx,,---, 0z/0x, by the values derived from the 
preceding relations, the equation (6) becomes 
OV ove 


OV OV 
(8) Ue ree ae 
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The new equation is of the form (1), and its integration is equiva- 
lent to that of the system ‘ 


ps = aoe Sens = — = es 
(9) P Va e R’ 
hence we may state the following proposition : 


Tf ty) Ugy ++ +5 Uy are n independent first integrals of the system (9), 
every function z of the n variables x,,x,, +++, L,, defined by a relation 
of the form 


(10) B(U,, Ug ++) Un) = 9, 


where ® indicates an arbitrary function of U,, Uy +++) Uny 1S aN 


integral of the equation (6). 


We cannot conclude from this that we obtain all the integrals of 
the equation (6) in this way. In fact, in order that the implicit 
function defined by the relation (7) be an integral, it is not neces- 
sary that we have identically F(V)=0; it is sufficient that the 
equation F(V) = 0 be a consequence of the equation V= 0. If, for 
example, we take for V an integral of an equation of the form 
F(V)=KY, where K indicates a constant different from zero, the re- 
lation V = 0 still defines an integral of the equation (6). It is quite 
in order, therefore, to determine whether or not the relation (10) 
gives all the integrals of the given equation. In order to prove 
that this is really the case, with certain exceptions which we shall 
state, let us suppose that in the m functions w,, w,,-+-+,«, we replace 
z by an integral of the equation (6). The resulting expressions are 
m functions U,, U,,---, U, of the m variables 2,, x,,--++, 2,. If we 
prove that the Jacobian of these m functions is identically zero, it 
will follow that we have a relation of the form 


W(U,, U,, cae a) a 0, 


and consequently that the integral considered satisfies a relation of 
the form (10) in which the function ® is replaced by y. This Jaco- 
bian is of the form 


Ou, Ou, Ou, Oru Cu, Ou, 

Oat, Pr x bn, + Ps a te Brine 3 
A= eee crane eee ode f (= 4 

OUn OU,n ou Gu on 


Ro & ae eer ke Cr 
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Noting that certain determinants in €he development of A have two 
columns identical and therefore vanish, we may write 


(11) NS ae “te So, D(X, Ug, ***5 Un) 
D(@,, Mey ess = "De OO Ge iit Let yes 2) 


But, since w,, u,,+--, wu, are n first integrals of the system (9), we 


have 


— “ 0 0 
t; U; PEt RG =O; (@=1,2,---, n) 


hence, ie the theory of linear homogeneous equations, we have 


R Tp: 
1 ——— a ee eee ee eee 
S D (U4, Ug, ++ *y Up) DiGi iis) an 


D(x, Day) Ly) D(z,, oy ey ey ees 5 Ln) 
G= 152, +s, n) 


where M is a function of «,, x,,---, x,, 2 which we can always cal- 
culate when we know the- first integrals w,, w,,--+, u,. Substituting 
in (11) thé values of the determinants deduced from (12), we find 


(12") MA = R — Pp, — P,p,—--- — PrP» 


If z is an integral of the equation (6), the right-hand side is zero; 
hence this integral satisfies either the condition A = 0 or else M= 0. 
In the first case, as we have just shown, this integral is defined by 
a relation of the form (10). As for the relation M@ = 0, it can define 
only one or more completely determined implicit functions. Hence, 
except for certain exceptional integrals which do not depend upon 
any arbitrary constant, all the integrals of the equation (6) satisfy a 
relation of the form (10). We shall hereafter say that the relation (10) 
represents the general integral of the equation (6). 


To see if an integral can satisfy the relation M = 0, let us consider any point 
of that integral, (x2, 23,---, 2°, z)), and let us suppose that all the coefficients 
P,, Py,+++, Pn, R are analytic in the neighborhood of this system of values 
without being all zero simultaneously for 2;=2?, z= z). Let us assume, for 
example, that P, is not zero for this system of values. We can then solve the 
equation (8) for 8V/éz,, and, by Cauchy’s theorems (§ 25), we can take for u,, 
Uy, +**, Up, functions analytic in the neighborhood of this system of values. Now 
one of the equations (12) can be written in the form 


D (Uy, Ugy ty Un) 
D (Z, yy +**y Ln) 


—P,=M 


Since the determinant on the right is analytic, and since P, is not zero for 
xj = x!, Z = Zp, it follows that this system of values cannot make M zero. Since 
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the point (29,---, 22, z) is any point of the integral, we see that there cannot 
exist integrals satisfying the relation M = Q-except in the two following cases: 
1) There exists a function V (£1, 2,,+++, Zn, 2) Such that every system of 


values of the variables z;, z that makes the function V vanish, also causes P,, 
P,,-++, Pn, and R to vanish. All these coefficients are therefore divisible by 
the same factor, and it is clear that by equating this factor to zero we obtain 
an integral. This trivial case is of slight interest. 

2) The reasoning would again be faulty if the integral defined by the rela- 
tion V = 0 were such that, in the neighborhood of every system of values 
satisfying that relation, some of the coefficients P;, R ceased to be analytic. 
This case can actually occur, as we shall show presently. 


76. Geometric interpretation. The preceding general method is 
susceptible of a simple geometric interpretation in the case of an 
equation in three variables, which we shall write in the customary 
notation, 

Oz 

(13) Pp + Q¢g =f, a? fas 
where P, Q, F are functions of the three variables x, y, z. Let S be 
any integral surface. Since the equation of the plane tangent to this 


surface is 
Z—z2=p(X—2)+q(Y—-— Y); 


the relation (13) expresses the fact that this tangent plane passes 
through the straight line D represented by the equations 


(14) ee ae 


Hence the problem of the integration of the equation (13) may be 
stated in geometric language as follows: 


To each point M of space, whose codrdinates are (x, y, 2), there 
corresponds a straight line D through that point, represented by the 
equations (14). A surface S is to be determined so that the tangent 
plane at each of its points passes through the straight line associated 
with that point. 


The surfaces possessing this property constitute the general inte- 
gral of the linear equation (13). The three functions P, Q, R deter- 
mine the law according to which the straight line D moves when the 
point M changes its position. These three functions are usually 
analytic functions of a, y, 2, but it is sufficient for the argument 
that they satisfy the conditions stated in our previous study of 
differential equations ($§ 27 f£.). 
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The preceding statement leads us to seek the curves I’ which are 
in each of their points tangent to the corresponding straight line D. 
We shall call these the characteristic curves. We shall first show 
that every integral surface is generated by characteristic curves. 
Consider, in fact, such a surface S. In each point M of that surface 
the corresponding straight line D lies in the tangent plane. We can 
therefore propose to determine the curves on that surface which are 
tangent at each of their points to the corresponding straight line D. 
These curves may be obtained by the integration of a differential 
equation of the first order (§ 17). Through each point of S there 
passes in general one and only one curve, possessing this property, 
which lies entirely on the surface. It is clear that these curves are 
characteristic curves, which proves the proposition. 

The converse is almost self-evident. If a surface is a locus of 
characteristic curves, the tangent plane at any one of its points con- 
tains the tangent to the characteristic curve lying upon the surface 
and passing through that point — that is, the straight line D. The 
given prdblem is therefore reduced to the determination of the 
characteristic curves. 

The differential equations of these curves, by their very definition, 
are of the form 


(15) Ee Ll 


Through each point of space there passes, therefore, in general one and 
only one characteristic curve tangent to the corresponding straight 
line D. Suppose that we have integrated these equations (15). 
Let w and v be two independent first integrals of this system. 
The general integral is represented by the equations 


(16) U(L, ¥, #) = 4, U(&, Y, 2) = 6, 


where a and d are two arbitrary constants. The characteristic curves, 
which depend upon two parameters, therefore form a congruence. In 
order to obtain a surface generated by the curves of this congruence, 
we must establish between the two parameters a and b an arbitrary 
relation, say $(a, 0) = 0, and the corresponding integral surface will 
have for its equation ¢(u,v)=0. This is exactly the result to which 
the general method of the preceding paragraph would lead us, for u 
and v are here two independent integrals of the equation 


Ou Ou Ou 
Ea et De =0 
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Example 1. Consider the equation pz + qy = mz. The differential equations 
of the characteristic curves, 


e yY mez 


dz_dy_ dz 


? 


have the two first integrals y/z = a, z/c™ = b, and the general equation of the 
integral surfaces is z = af (y/z). If m =1, the characteristic curves are straight 
lines passing through the origin, and the integral surfaces are cones having their 
vertices at the origin. If m = 0, the characteristic curves are straight lines par- 
allel to the zy-plane and meeting the z-axis. The integral surfaces are conoids. 

Example 2. Consider the equation py — qz+a=0. The differential equa- 
tions of the characteristic curves, 


hes Uy 


y —-“%® —a’ 
give the two integrable combinations 


adxz + ydy = 0, | i ie mo ha 


a? + y? 


and the characteristic curves are represented by the equations 


? 


CAE ar Os z—aaretan 4 = Cy. 


These are helices with the pitch 2 7a lying upon cylinders of revolution hay- 
ing Oz for axis, and the general integral is represented by helicoids (the axes of 
coérdinates being supposed rectangular). In the particular case where a = 0, 
the characteristic curves are circles having their centers on the z-axis and their 
planes parallel to the zy-plane. The integral surfaces are surfaces of revolution 
about the z-axis. 

Example 8. Orthogonal trajectories. Let 

(17) Heap de) — Ge 
be the equation of a family of surfaces = which depend upon an arbitrary 
parameter C in such a way that through every point of space (or at least of a 
portion of space) there passes one and only one of these surfaces. Let us con- 
sider the problem of finding another surface S, represented by the equation 

z= $(%, v), 
which cuts orthogonally at each of its points the surface = through that point. 
Since the direction cosines of the normals to the two surfaces are respectively 
proportional to 0F/dx, dF /dy, ¢F/éz for S, and to p, g, — 1 for S, the condition 
of orthogonality leads to the linear equation 
~ or ar oF oF 
Ox oy 62 


The characteristic curves, whose differential equations are 


(18) 


(19) pani eg aly 
ee ty be 
are the curves tangent at each of their points to the normal to the surface 3 
through that point. 
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Suppose, for example, that we have Fa, Y, 2) = 2f(@, y), where f(x, y) isa 
homogeneous function of the mth degree. The differential equations of the char- 
acteristic curves are here 

dx dy zd 
SF = OF 
By Euler’s relation, we have the integrable combination 
xdz+ ydy — mzdz = 0, 


from which we derive the first integral x2 + y2— mz? =a. On the other hand, 
dy/dx is a homogeneous function of degree zero in the variables xz, y. Hence 
we can obtain a new first integral by a quadrature (§ 8). 

Example 4. It is sometimes possible to determine the characteristic curves 
without any calculation, merely from their geometric definition. Let it be re. 
quired, for example, to determine the surfaces S such that the tangent plane at 
any point M of one of these surfaces meets a fixed straight line A in a point T, 
equally distant from the point M and from a fixed point O on the straight line A. 

Let M be a point in space; there exists on the straight line A one and only 
one point T such that TO = TM, and this point is the intersection of A with 
the plane perpendicular to the segment OM at its middle point. Let D be the 
straight line through the two points Mand T. The tangent plane to every sur- 
face satisfying the given condition and passing through the point M therefore 
contains this straight line D. Consequently these surfaces are obtained by the 
integration of a linear equation. Since the tangents to the characteristic curves 
all meet the straight line A, these curves are plane curves, lying in planes pass- 
ing through A. The characteristic curves lying in one of these planes are the 
integral curves of a differential equation of the first order, and it is easy to see, 
from their definition, that they are circles tangent to the straight line A at O. 
The required surfaces are therefore generated by the circles tangent at O to the 
straight line A. 


We can dispose of the arbitrary function $(wu, v) in such a way 
that the integral surface passes through a given curve I’; we shall 
obtain that surface by taking the locus of the characteristic curves 
passing through the different points of the given curve. If I is 
represented by the system of two equations 

(20) D(x, y, z) = 9, ®, (x, y, 2) = 9, 
the whole question reduces to finding the relation which must hold 
between the parameters @ and 4 in order that a characteristic curve 
shall meet the curve I. It is clear that that relation may be found 
by eliminating x, y, z between the equations (20) and the equations 
u=a,v=b of the characteristic curve. The problem has only one 
solution, unless the curve I is itself a characteristic curve. In this 
singular case it suffices, in order to obtain an integral surface pass- 
ing through I, to consider the surface generated by a family of 
characteristic curves which depend upon an arbitrary parameter, and 
of which the curve I is a member. 
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77. Congruences of characteristic curves. To every linear equation 
of the form (13) there corresponds a congruence of characteristic curves 
formed by the characteristic curves of that equation. Conversely, 
every congruence of curves, that is, every family of curves depending 
upon two arbitrary parameters a and b, is the congruence of charac- 
teristic curves for an equation of the form (13).* Suppose, in fact, 
that the equations which define that congruence are solved for the 
two parameters a and b: 

U(a, Y, #)= a, v(a, ¥, Zy= 6. 

Every surface S generated by the curves of this congruence, associated 
according to an arbitrary law, is represented by an equation of the 
form v=7(w). Taking the partial derivatives with respect to x 
and to y, we find 


dv dv du , ou On Ou «4 (Om Ou 
jet ae P= (Ge + ae?) +Er= "(E+ e%) 
The elimination of 7'(w) leads to a linear equation 


D(u, v) D(u, v) D(u, v) _ 
Diz, y)” D(x, @) D@y) 
for which the given congruence is evidently the congruence of 
characteristic curves. 
Let us now consider the general case of a congruence defined by 
two equations of any form whatever, 
(21) Ula, Y, 2, ds. 0) == O Via, ¥; 2, ¢, 6)= 0. 
If we set up an arbitrary relation ¢(a,d)=0 between the two 
parameters a and b, we shall have the equation of a surface S gener- 
ated by the curves I of the congruence by eliminating a and } from 
the equations (21) and the relation ¢ = 0. All these surfaces again 
satisfy, whatever may be the function ¢, the same partial differen- 
tial equation of the first order. To obtain this equation we may 
proceed as follows: The three equations 


(22) U=0, V=0,  ¢(a,d)=0 


define three implicit functions z, a,b of the independent variables 
z and y, and the last contains only a and d. Hence we have 


(23) D(a, 6) 


D(x, y) 


* We suppose, in addition, that through any point of space (or of a portion of space) 
there passes one of these curves, which would not happen if they were all situated 
upon the same surface. 


— ar 
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On the other hand, if we differentiate the first two of the equa- 
tions (22) with respect to x and to y, we can derive from the result- 
ing relations expressions for éa/0x, 0b/éx, da/éy, 0b /éy in terms of 
©, Y, % Pp, g, 4, b, and, by replacing these derivatives in the determi- 
nant (23) by their values, we obtain a new relation, 


B(x, Y, 2 P, q; 4; b) = 0. 
We need only eliminate a and 6 from this relation and the two rela- 
tions (21) in order to obtain an equation containing only a, y, z, p, q, 


(24) F(a, Y, % P, 7) = 9, 
which applies to all the surfaces generated by the curves of the 
congruence. It is easy to show, from the very way in which this 
equation has been obtained, that it breaks up into a system of linear 
equations in p and g. The same fact results from its meaning. Let 
us suppose, for definiteness, that through a point I of space there 
pass m curves of the congruence, and let D,, D,,---, D,, be the m 
tangents to these curves at the point M. Every surface through the 
point If generated by the curves of the congruence must contain 
one of the m curves of this congruence which pass through M; 
hence the tangent plane at the point M must pass through one of 
the straight lines D,, D,,---, D,. Let P;, Q;, R; be proportional 
to the direction cosines of the straight line D;. Every surface gen- 
erated by the curves of the congruence must therefore satisfy one 
of the m equations, 

(25) #,=Pp+Qq—Rk,;=9, (i = 1, 2,---, m) 
and the left-hand side of the equation (24) is identical, except for a 
factor independent of p and of g, with the product of the m linear 
factors E,, E,,+++; Em. It should be noticed also that it would be 
impossible, in general, to separate these m factors analytically. 

Similarly, certain problems of geometry may lead to partial differ- 
ential equations of the first order which decompose into a product of 
linear factors. Let us consider again, for example, the problem of 
the orthogonal trajectories to a family of surfaces whose equation 
F(a, y, 2, C) = 0 is of degree m in the arbitrary parameter C. To . 
obtain the partial differential equation of orthogonal surfaces, we 
must again eliminate C between the relation F = 0 and the condition 

OF OF OOF 
Dar htl cic wba 0. 

Through a point M of space there pass, by hypothesis, m surfaces 

of the given family. Let D,, D,,+--, Dn be the normals to these m 
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surfaces. The tangent plane to an orthogonal surface through 
must contain one of these straight lines. Hence the partial differen- 
tial equation decomposes into a system of m equations which are 
linear in p and q. : 

Conversely, given any equation of this type, to each point of 
space there correspond m straight lines D,, D,,--+-, D,,, and the 
plane tangent to any integral surface contains one of these straight 
lines. If we give the name characteristic curve to every curve which, 
at each of its points, is tangent to one of the corresponding m straight 
lines, the reasoning employed above shows again that every integral 
surface is a locus of characteristic curves. To obtain the differential 
equations of these curves, we are not compelled to carry out the 
decomposition of the left-hand side of the equation into linear 
factors. Indeed, expressing the fact that the left-hand side is divisi- 
ble by the factor Pp + Qy — RF, we obtain equations of condition 
homogeneous in P, Q, R, which furnish m systems of values for the 
ratios of these coefficients for each point (a, y, z). Replacing P, Q, 
R in these conditions by the proportional quantities dx, dy, dz, we 
obtain the differential equations of the characteristic curves, and 
the integration of the partial differential equation is reduced to the 
integration of a system of ordinary differential equations. 


The preceding theory explains very simply how a linear equation may have 
integrals which are not included in the general integral. Consider a partial 
differential equation of the form 


(26) F(x, y, z, p, 7) = 9, 


whose left-hand side is the product of a certain number of linear factors in p 
and q that are not analytically distinct, and let 


(27) #(, Y; 2, st, =) = v(x, Y, 2, at, =) =0 

be the differential equations of the characteristic curves of this system. The 
curves which represent the general integral of this system form a congruence, 
which is the congruence of the characteristic curves of the equation (26), and 
the general integral is represented by the surfaces generated by the curves of 
this congruence associated according to an arbitrary law. But it may happen 
that the equations (27) have singular integrals. This will happen if the con- 
gruence of the characteristic curves has a focal surface (=). Then through each 
point of this surface there passes a curve of the congruence of characteristics 
tangent to this surface. The plane tangent to (2) contains, therefore, one of 
the straight lines D; relative to the point of contact, and consequently (2) is 
an integral surface of the equation (26). Moreover, it is not a member, at least 
in general, of the surfaces which represent the general integral ; that is, it is a 
singular integral surface. 
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Consider, for example, the equation 
(28) p(@?— 2) +q(ty+2Ve?+ y— 2) =0, 


which in reality is equivalent to two linear equations. We can write the 
differential equations of the characteristic curves in the form 


dz dy\? dy\? 
—=0, — f—)} = 22] 1 = F 
dz (v Z 2 fi [ ? ell 


The integration is immediate, and the congruence of characteristic curves is 
formed by the straight lines 


(Op y=O,24+2V1+4 C2, 


which are parallel to the zy-plane and tangent to the cone 2? + y? = z?. The 
general integral is represented by the conoid surfaces generated by these straight 
lines, and there is a singular integral, the cone itself. 

The coefficient of g in the equation (28) is not analytic in the neighborhood 
of any point (Zp, Yo, 2%) of this cone, which confirms a previous remark (§ 75). 


Il. TOTAL DIFFERENTIAL EQUATIONS 


78. The equation dz = Adx +4 Bdy. The existence of integrals of a 
completely integrable system of total differential equations was estab- 
lished in § 24. The integration of such a system reduces to the 
integration of several systems of ordinary differential equations 
with a single independent variable. The method, which we shall 
develop only in the simplest case, is extensible to the general case. 

Let the equation be 


(29) dz=A (a, y, 2)dx + B(a, y, ) dy, 


where z is an unknown function of the two independent variables x 
and y. This equation is equivalent to two distinct relations 


Oz Cz 
(30) an =A (x, ¥, 2); 7 = B(a, y, 2). 
Every integral common to these two equations satisfies also the two 


new equations 
fz OA , OA Ge » CB eB 
=} = A 
toy yh Be byoe) On Oe? 


and consequently the relation 


G4 04 OB, OB 
Gye bee ep) ae 


(31) 


If this relation does not reduce to an identity, there can be no in- 
tegrals of the given equation (29), except possibly one or more of the 
implicit functions defined by the equation (31). Hence in this case 
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we can always determine by substitution whether the equations (30) 
have a common integral. On the other hand, in order that these 
equations may have an infinite number of integrals depending upon 
an arbitrary constant, the relation (31) must be satisfied identically. 
If it is, the equation (29) is said to be completely integrable. 

In order to obtain all its integrals, let us first disregard the second 
of the equations (30), and consider only the first. If we regard y 
as a parameter, this equation is a differential equation of the first 
order between the independent variable 2 and the dependent vari- 
able 2; hence it has an infinite number of integrals z = (a, y, C) 
that depend upon an arbitrary constant C. We may replace this 
constant C by any function w(y) of the variable y, since the expres- 
sion for éz/éx remains the same when we replace C by a function 
of y. The solution of the problem therefore depends upon the deter- 
mination of this function u(y) in such a way that the derivative of 
the function z = ¢[a, y, u(y)] with respect to y shall be equal to 
B(a, y, p). This leads to the equation 

z ce tin = Bla, y, o(@, y, u)], 
or 
du B[a, Y $ (2, Y; “I- Fe 
(32) ae 
dy Od 
eu 


We shall show that the right-hand side of this equation depends 
only upon the variables y and w. It is sufficient to show that the 
derivative with respect to x is identically zero, that is, that we have 


a6(2B , OB0e es 6 
Cp Ae 3 Op Ox =r ee: = 6-H 


Cucr 


From the very manner in which the function $(z, y, w) has been 
obtained, we have the relation 


7) 
(34) af = A (a, 1, $), 


which is satisfied for all values of a, y, and w. It follows that we 
may write 

Od eS 0A Ob 

Ox by Op dy ’ 

Od . 24 Cp 

dx du Op Ou 
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Replacing 0¢6/éx, $/dzx dy, Op /Bu dex by the preceding values, the 
relation to be verified reduces to the form 


as(2 0B, 04 04 )=0. 


Cu\éx " Op ~ by bb 


The second factor is identically zero by the condition of integra- 
bility (31). The equation (32) is therefore of the form 


du 
(35) a = F(y, u). 


Let wu = Wy, C) be the general integral of this equation, where C is 
a constant independent both of a and of y. Then if we replace wu by 
W(y, C) in the function (a, y, w), we obtain the general integral of 
the completely integrable equation (29), and we see that the integra- 
tion of this equation reduces to the successive integrations of two 
ordinary differential equations (34) and (35). 


Example:* Consider the total differential equation 


Sep! IGP rea Sel) 


(86) dz 
1+ ary 14+ zy 


dy, 


which is equivalent to the system 


1 6 —2 
(36’) Oz _ + ye z_ u(z ). 
ox dl + ay oy 1+ zy 


The condition of integrability is verified, and the first of the equations (36), 
which is linear in z and 6z/éx, has for its general integral 


z=— i+ u(y) (1+ zy), 


where u(y) is an arbitrary function of y. Substituting this value of z in the 
second of the equations (36’), it becomes du/dy + 1/y? = 0, whence we derive 
u(y) =1/y + C. Hence the generalvintegral of the equation (36) is 


(37) z=2+ C(1+2y), 


where C indicates an arbitrary constant. 


The preceding problem can also be interpreted geometrically. 
In order to simplify the statement, we shall again call an integral 
surface ahy surface represented by an equation z= f (x, y), where 
the function f(a, y) is an integral of the equation (29). The two 
conditions (30), or. 


p=AG,y,%), G=By,»), 
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express the fact that the tangent plane to the integral surface S at 
a point (a, y, 2) of that surface coincides with the plane P whose 
equation is 

(38) Z—2#2=A(X—2)+B(Y-y), 
so that the problem of the integration of the equation (29) is 
equivalent to the following geometric problem: 


To each point of space (x, y, 2) there cor?esponds a plane P through 
that point, which is represented by the equation (38). It is required 
to find the surfaces S whose tangent plane at each point (x, y, z) is the 
plane P associated with that point. 


The proposition is analogous to that of § 76. But in the present 
case the problem does not always have a solution. If the condition 
of integrability (31) is satisfied, there exists, in general, one and 
only one integral of the equation (29) which takes on a given value 
z, when x and y take on given values x, and y,. Through every 
point in space there passes, therefore, in general, one and only one 
integral surface. 

Let us consider, for example, a family of skew curves I which 
depend upon two arbitrary parameters a and d, and which are rep- 
resented by a system of two equations » 

(39) U(x, Y, 2) = a, u(x, y, Z)=b 
such that through every point of space (or of a region of space) 
there passes one and only one curve of this family. There does not 
always exist a family of surfaces S which has these curves I for 
orthogonal trajectories. In fact, the tangent plane to the surface S 
passing through a point would have to coincide with the normal 
plane to the curve I passing through the same point. We are there- 
fore led to a particular case of the preceding problem, which proves 
that the curves of an arbitrarily assigned congruence of curves are 
not, in general, the orthogonal trajectories of any family of surfaces. 
The plane tangent to the surface S through the point (2, y, ) must 
be perpendicular to the planes tangent to the two surfaces (39) 
which pass through the tangent to the curve I. Hence we have, in 
rectangular coérdinates, the two conditions 


du du Seu. ov ov ov 
Oa! dy 4 ae to! Tay ee 


From these equations the values of p and q are found to be 


p=aA (x, Y; z), Ta B(x, Y; 2), 
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and the condition (31) must be satisfiéd identically in order that the 
problem have a solution. 


Let us take, for example, the family of curves 
xX = aZ, We= 02/5 


where YX is a function of « alone, and Y and Z are respectively functions of y 
alone and of z alone. The preceding method gives the following values for p 
and q, 

Le Sy em XZ 


Bay Sige 
and the total differential equation can be written in the form 


Zdz | Xde | Ydy 
aaa eee « 


== 10), 


It is clear that this equation is completely integrable, and the general integra) 
is obtained by quadratures 


Spur fous fow=o. 


79. Mayer’s method. The preceding method requires two successive integra- 
tions. We can replace these two integrations by a single integration, as follows: 
Let us suppose, for definiteness, that the coefficients A (x, y, z) and B(a, y, z) 
are analytic in the neighborhood of the point (a, yp, 2). Then there exists one 
and only one integral surface S, through the point (£), yo, 2) if the condition (31) 
is satisfied. Mayer’s method for obtaining this surface reduces to determin- 
ing first the sections cut froin that surface by the planes parallel to the z-axis 
through the point (X, Yo, %)). Let I be the intersection of S) with the plane 


(40) Y—Y%y=mM(L— Z), 


where m has any given value. Along this curve I we have dy = mdz, and, replac- 
ing y and dy in the equation (29) by the preceding values, we obtain the relation 


(41) dz={A[a, yy + m(x— a), 2] + mB[z, yy + m(z— 2), 2]} da, 
which is also satisfied along the whole length of the curve T. Now this is a 


relation containing only the two variables g and z; that is, it is a differential 
equation of the first order, the integration of which determines the curve. Let 


(42) Z=P(L; Loy Yor 29 m) 


be the integral of this equation which reduces to z) for z=). The curve L is 
represented by the two equations (40) and (42). Since the required surface S, 
is the locus of the curves I as the parameter m varies, the equation of this sur- 
face is obtained by eliminating m from the equations (40) and (42). To accom- 
plish this it is sufficient to replace m in the equation (42) by (y — Y)/(# — 9). 
This method presents an evident analogy with the one which has been indicated 
for the integration of the total differentials P(«, y)dt + Q(2, y) dy (I, § 152). 
We might generalize it still further by replacing the planes parallel to the 
z-axis by cylinders passing through a given point (%, Yo, Zo) and having their 
generators parallel to Oz. 
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For example, let us again take the equation (36), and let us suppose £y = Yy = 0. 
Substituting y = ma, dy = mdz, that equatioh becomes 


dz 2maz 1 — mz? 
de 1+mae2 14+ mz? 


This is a linear equation which is readily integrated, and the integral which re- 
duces to Z) for z = 0 has the form 
2=0£+ 2,(1+ mz’). 


Hence the surface S, has the equation z = £ + g,(1+ zy), which is the result 
obtained by the first method. 


80. The equation Pdx + Qdy + Rdz=0. The problem of the inte- 
gration of a total differential equation can be put in a more general 
and more symmetrical form. Let P(a, y, 2), Q(z, y, 2), R(a, y, #) be 
three functions of the variables z, y, z. To integrate the equation 

(43) P(a, y, 2)dx + Q(x, y, z)dy+ R(a, y, z)dz=0 
is to find a’relation F(x, y, z)=0 between x, y, x such that these 
three variables and their differentials dx, dy, dz satisfy the given rela- 
tion. If the function F contains the variable z, we may regard x and 


y in it as two independent variables and z as a function of these two 
variables, and we see that that function must satisfy the equation 


i Q 
dz rp on = Ry 
which is of the form (29). Replacing A by — P/R and B by — Q/R, 
and carrying out the differentiations, the condition of integrability (31) 
becomes 


aQ aR oR oP @P  8Q\_ 
OPS) Cae ae) * (ay ae)? 


This condition remains the same when we permute 2x, y,z and P, Q,R 
circularly. Hence we should have obtained the same relation if, in- 
stead of regarding z as the dependent variable, we had taken one of 
the variables « or y for the unknown dependent variable. The prob- 
lem of the integration of the equation (48), therefore, does not differ 
essentially from the problem already treated; but when we write 
a total differential equation in this way, it is not necessary to 
specify which of the variables have been chosen as the independent 
variables. 

The condition (44) arises in a question which is closely connected 
with the preceding. Given an expression 


P(@, y) dae =F Q(z, y) dy, 


* 
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we have seen (§§ 12, 26) that there altvays exist an infinite number 
of factors w(x, y) such that the product w(Pdx + Qdy y) is the total 
differential of a function of the two variables a and y. When we 
pass from two to three variables, this does not remain true in general. 
Let us consider, in fact, three functions, P, Q, R, of the variables 
x, y, 2. Inorder that the product #(Pda + Qdy + Rdz) be an exact 
differential, the factor u(a, y, 2) must satisfy the three conditions 
O(wQ) (ph) SEE) hay, 0(pP 0(uQ 

If we add these three equations, after having multiplied them by 
P, Q, R respectively, and then divide by mw, we find again the con- 
dition of integrability (44). This condition is therefore necessary 
in order that the trinomial Pdz + Qdy + Rdz have an integrating 
factor. It is also sufficient. For if it is satisfied, the equation (43) 
is completely integrable. Let 


(45) NG 9,26 


be the general integral of this equation. The values of dz/éx and of 
4z/0y derived from the equation (45) must be identical with the 
values — P/R and — Q/R obtained from the equation (43), since we 
can choose the arbitrary constant C so that the integral surface 
passes through any point of space. For this we must have 


or 

dF = p(Pdx + Qdy +Rdz). 
The factor “, which is equal to the common value of the preceding 
ratios, is therefore an integrating factor. Repeating the reasoning 
of § 12, we see, in a similar manner, that there are in this case an 
infinite number of integrating factors, which are of the form pa (F), 
where 7 is an arbitrary function. 


The condition of integrability (44) is invariant with respect to every change 
of variables. Consider, in fact, a transformation defined by the equations 


(46) een) y = o(uU, v, w), z=y(uU, v, w), 


where the Jacobian of the functions f, ¢, y with respect to u, v, w is not identi- 
cally zero, This transformation carries the trinomial Pdz + Qdy + Rdz into an 
expression of the same form, P,du + Q,dv + Ry, du, where P,, 9), BR, are func- 
tions of u, v, w. If now the relation (44) is satisfied, the analogous relation 


cy 7, (22) 4 9, PB 22) aw, (22 201) a0 
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is also satisfied identically. We might verify this by a direct calculation 
(I, Chap. III, Ex. 19, 2d ed. ; I, Chap. H, ‘Ex. 19, Ist ed.), but it also results 
from the meaning of the condition. In fact, if the relation (44) is satisfied, 
there exist two functions u(x, y, z) and F(z, y, z) such that 


u(Pdze + Qdy + Rdz)=dF. 


If we carry out the change of variables defined by the equations (46), the 
functions « and F change into two functions p,(u, v, w), Fy(u, v, w) of the new 
variables, and we have identically dy =dF,. Hence the preceding identity 


becomes 
Hy, (P, du + Q, dv + R, dw) = dF, 


and the trinomial P, du + Q, dv + R, dw has an integrating factor. This shows 
that P,, Q,, R, satisfy also the relation (47). 

This remark enables us to present the method of integration of § 78 under a 
more general form. For let us suppose that the trinomial Pdz + Qdy | Rdz has 
been converted by a transformation into a binomial of the form P,au + Q, dv, 
containing now only two differentials du and dv. I> the relation (47) we must 
suppose R, = 0, and that relation reduces to 


which shows that the ratio of the two coefficients P, and Q, is independent of 
w. The integration of the given total differential equation is therefore reduced 
to the integration of an equation of the form dv + 7(u, v)du = 0, that is, to an 
ordinary differential equation. 

Every trinomial Pdz + Qdy + Rdz can be reduced to a binomial P, du+ Q, dv 
in an infinite number of ways. For example, we can proceed as follows: We 
determine first two functions, 4 (a, y, z) and F(a, y, z), such that, whatever dz 
and dy may be, 


oF. 


oF 
— dy =p{(P y 
- ar y=p[P(z, y, z)dx + Q(z, y, z) dy] 


This amounts in reality to integrating the differential equation Pdz + Qdy =0, 
regarding z as a parameter. Again, we may write the preceding equation in 
the form 


F 
dF + (ur = ae = p(Pdz + Qdy + Radz). 


Then if we select a new system of independent variables, of which F(z, y, 2) 
and z are two, we see that Pdr + Qdy + Rdzis actually replaced by an expres- 
sion in which there appear only the two differentials dF and dz. This procedure 
can be varied in many ways. It is clear, for example, that we can begin by 
integrating either of the two equations 


Qdy + Rdz=0, Pdz+ Rdz=0; 


this last method is in reality identical with the method of § 78. 
We can also connect with the preceding remark an elegant method due to 
Joseph Bertrand, Assuming that the equation (43) is completely integrable, 
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let us begin by integrating the linear partial differential equation 
= 0 oR\2e oR dP\a 
(48) x =(2-S)F 4 (2-2) f+ (SSA F Ko 
6z oy / Ox ox 0z/ cy oy 0x] 62 


Let wu and v be two independent integrals of this equation. If between the two 
relations 


BxG()\—'0, X(v) =0 
and the condition of integrability (44) we eliminate the three differences 


6Q oR aR eP oP 30 
se a aad ’ 


oz oy ‘ ox az oy ox 
we obtain the equality ou au ou 
Ox oy 
ov 0v Ov}= 0. 
oT OY Oz 
1 (Oh Tks 
There exist, therefore, two functions \ and » for which we have 
eu ov Ou év ou Ov 
(49) P=hr—+4—; Q=rA—+ 4; R=r\—+4—,) 
Cx Cx cy oy 0% 0z 


and we can write the given equation in the form 
Adu + udv = 0. 


Now we haye seen that the ratio \/u can depend only upon the variables u and 
»; hence this equation is a differential equation in u and v. 

This method appears to be more complicated than the preceding, since the 
integration of the equation (48) requires first the integration of a system of two 
differential equations of the first order. But it is more symmetric, and it may 
be preferable if the given equation is itself symmetric in a, y, and z. 

Consider, for example, the equation 


(y? + yz + 2) da + (22 + zz + 2) dy + (2? + ay + y*)dz=0. 


The condition (44) is satisfied, and the linear equation (48) is here 
of af of 
= a ~— Z)— —2)—=0. 
No +@-)5 +u-a) 5 
The corresponding system of differential equations, 


dx . dy dz 


Z—y C€-—-z Ye 


’ 


gives easily the two integrable combinations 
d(ja+y+z)=90, adz + ydy + zdz=09. 


Hence we may take ' 
u=“2+yt+Z, v= a? + y? + 2, 
and the values of the factors \ and u derived from the equations (49) are 


u2 + v oe Ve u 


’ — = 


2 ra 2 2 


N= a? + y? + 27 + By + ye + = 
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The transformed equation in wu and » is therefore 
(u? + v) du — udv = 0, 


Bites udv — vdu S a(°). 


u2 u 


or 


It follows that the general integral is u — v/u = C, or, returning to the vari- 
ables 2, Y, 2, ay + yet eo 
C+ytz 


81. The parenthesis (u, v) and the bracket [u, v]. Any total differ- 
ential equation is really equivalent to two simultaneous equations 


p=AG,Y, 2); 7 = Ba, y, 2). 
Let us now consider any two equations, 


(50) F(a, Y, 2 D; q) = 0, &(z, Y, *) XP; q) = 0, 
in the two independent variables x and y, the unknown dependent 
function z, and its two partial derivatives p and q. 

If we can solve these two equations for p and g, we obtain two 
equations, p = f(a, y, 2), g = $(2, y, 2), of a form which has already 
been studied, and it will be possible to determine whether these two 
relations are compatible. But we can determine whether the condi- 
tion of integrability is satisfied without first solving the equations 
(50) for p and g. We have only to apply the rules for the calcula- 
tion of the derivatives of implicit functions. Let us consider, in fact, 
the relations (50) as defining two implicit functions, p = f(a, y, z), 
g= (a, y, 2), of the three independent variables 2, y, z. Differen- 
tiating with respect to x, we find 

OF OF Op , OF oq Ch Chop bbq 
On ap de Og Ox oe iy ge eet 
Mp q cop ex gq Ox 


and consequently 


0, 


D(F, ®) eq DUR Oy 


= 1()). 
D(p, q) Ox D(p, x) 


Similarly, we have 
D(F, ®) Op D(F,®) _ 9 D(F,®) ap , D(F,®) _ 
D(p,q) &y = Dy, g) D(p,q) 6 — D(z, q) 
D(F,®) dq | D(F,®) _ 4 
Dp, g) a2 Dip, 2) } 


Substituting the values of @p/éy, Op/éz, 0g¢/dx, 0q/éz in the cov- 
dition of integrability 


? 
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e s 
that condition becomes, after development, 


On (2e 20), aF (2a, ae 
Cp \ ex P bz og @ ae) 


0’ /OF OF 0d (OF OF 
~ a (ae + Ge) ~ ay ay +8) 


In general, if w and v are any functions of a, y, 2, p, g, we shall set 


EOS pr ee 
dz ex? dz’ dy oy 1 z’ 
Oudv dvdu dudv dbvdu 


and we shall call the expression [w, v] @ bracket. The preceding 
condition can then be written in an abridged form, 


(51) [F, ®]=0. 


In order that the two equations (50) shall form a completely inte- 
grable system, it must first be possible to solve them for p and q; 
that is, it must not be possible to derive from them a relation 
between x, y, 2 independent of p and of q; and, further, the con- 
dition [F, @] = 0 must be a consequence of the two relations (50). 
If the bracket [F, ®@] is identically zero, the two equations F =a, 
® =) form a completely integrable system for any values of the 
constants a and b. If the relation [F, ®] = 0 is a consequence of the 
single equation F = 0, independently of the second equation 6 = 0, 
the two equations F = 0, 6 = d form a completely integrable system 
for any value of the constant b. 

If the two functions F and @ do not contain z, the expression for 
the bracket [F, @] is simplified. The following expression, where w 
and v are any functions of a, y, p, g, 


Ou dv Ovoeu . dudv Oveou 


(OD Gp ba — Gp ba 0g Oy 04 By” 
is called the parenthesis (u, v). The condition that the two equations 
F@,yPQ)N=% 4%7,)=9 
be compatible is, by what precedes, that the equation 
(F, &) = 0 


shall be satisfied, either identically or as a consequence of the 
relations F = 0 and @= 0 themselves. 
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II. EQUATIONS OF THE FIRST ORDER IN THREE 
VARIABLES 


82. Complete integrals. We shall now consider the integration of 
a partial differential equation of the first order, of any form what- 
ever but with only two independent variables, and we shall first 
present some very important results obtained by Lagrange. Let 


(52) F(a, Y, %, Py q) =Q 
be the given equation. The fundamental result obtained by Lagrange 
is the following: If we know a family of integrals which depend 
upon two arbitrary parameters, we can derive all the other integrals 
from them by differentiations and eliminations. Let 


(53) V (a, y, 2, a, 6) =0 
be a relation which contains two arbitrary constants a and d, and 
which defines an integral of the equation (52) for any values of 


those constants. The values of the partial derivatives p and qg of 
that integral are given by the equations 


OV OV OV OV 

(54) eile O; RAM £7 Pith 
By hypothesis, the function 2 always satisfies the equation (52) for 
any values of a and 0; hence the elimination of the two parame- 
ters a and b from the three relations (53) and (54) will lead to the 
equation (52) and to that one only.* 

We shall now show that this equation (52) expresses the neces- 
sary and sufficient condition that the three, equations (53) and (54) 
be satisfied by a system of three functions z, a, b of the two varia- 
bles « and y, where p and qg denote the partial derivatives of 2 with 
respect to # and y respectively. When this has been proved, it will 
be evident that the problem of integrating the single equation (52) 
is equivalent to the following problem: Zo find three functions 2, a, 
b of the two independent variables x and y which satisfy the three 
equations (53) and (54). 

Ifz=f(2,y),¢@=f,(@, y), 6 = f,(a, y) form a system of solutions 
of these three equations, the function f(a, y) also satisfies the 
equation (52), which is a consequence of these three relations. 


0. 


* In fact, if the elimination of a and 0d led to another relation $ (2, y, z, p, g) =0 
different from #’=0, the two simultaneous equations F=0, 6=0 would have a com- 
mon integral V=0 depending upon two arbitrary parameters a and b, which is 
impossible (§ 78). The given integral would therefore depend in reality upon only a 
single parameter. 
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Conversely, if f(a, y) is an integral of the equation (52), the 
three equations (53) and (54) are consistent when we replace z 
by A,(@, y), and p and q by the partial derivatives of f(a, y). Hence 
we can derive from them as values for a and two other functions 
a=f,(@, y), b=f,(%, y), which form with f(a, y) a system of 
solutions of the equations (53) and (54). 

The new problem, although apparently more complicated than the 
original, is easily solved. In fact, if we differentiate the relation 
(53) with respect to 2 and to y, regarding now 2, a, 6 as unknown 
functions of x and y, the relations obtained reduce, by (54), to the 
two equations 


ava av 4 aV ba, av ab _ 
da 02° Ob Ox”? da Oy ' Ob dy ”’ 


(55) 


and the system formed by the equations (53) and (55) is equivalent 
to the system formed by the equations (53) and (54). 

We see at once that this system is satisfied by taking for the un- 
known functions a and 6 any two constants. This gives as the value 
of z the integral already known, which Lagrange called the complete 
integral. In order to treat the problem in a general way, let us 
observe that the equations (55) are linear and homogeneous in 
oV/ea, 0V/eb. Hence the three equations (53) and (55) are satisfied 
if we set 


(56) V=0, 


If these three equations are consistent, they define three functions 
z, a, b of the two variables « and y. This gives an integral z = f{(a, y) 
of the equation (52) which does not depend upon any arbitrary 
parameter, and which is commonly called the singular integral. 

If @V/éa and ¢V/éeb are not zero simultaneously, the equations 
(55) give Mee 

D(@,y)” 

which proves that there exists between the functions a and 0 at least 
one relation independent of x and of y. If there exist two relations 
of that kind, a and d reduce to constants, which gives again the com- 
plete integral. If there exists only one relation between a and 4, at 
least one of the functions @ and } does not reduce to a constant. 
Assuming that @ is not constant, we can write the relation between 
a and 6 in the form 


(57) b= $(a), 
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and the two equations (55) become 


dafOV , OV dafeV , eV ,, io 
ee ap P ( |= 0, ae <s ab $'(@) a 
Since a is not a constant by hypothesis, these two relations reduce 
to a single relation, and the three equations 
; é Be OV 
(58) Via, y, 2, a, b)= 9, b= ¢(a), Rani ~, +> 


define a new system of solutions of the equations (53) and (54). In 
particular, the function « = f(a, y) defined by (58) is an integral of 
the given equation (52). It is evident that this integral depends upon 
the arbitrary function ¢(a). We shall call it the general integral. 

In order to obtain the relation between 2, y, z, the arbitrary 
parameter a must be eliminated from the two equations 
c ed ga eV 

+ S$@ 
This elimination can be made only after the function ¢(a) has been 
chosen, but the equations (58') always enable us to express two of 
the codrdinates of a point of an integral surface as functions of a 
third coérdinate and of a parameter a. 

The preceding method is related in a very simple way to the 
theory of the surface envelopes. Consider, in fact, the family of sur- 
faces S which represent the complete integral (53) and which depend 
upon two constants a and 6. If we choose an arbitrary relation of 
the form 6 = ¢(a) between the two parameters a and 4, we obtain a 
family of surfaces which depend upon only one parameter a, and the 
envelope of this family of surfaces is obtained precisely by eliminat- 
ing a from the two equations (58'). The process by which we deduce 
the general integral from the complete integral consists, therefore, in 
taking the envelope of a one-parameter family of complete integrals 
obtained by choosing an arbitrary relation between the two param- 
eters a and 0. Similarly, the singular integral is obtained by taking 
the envelope of all the complete oe as ha two parameters @ 
and 6 vary independently * (I, § 212, 2d ed.; § 220, 1st ed.). 


(58) Via, y, 2, a, d(a)]= 9, ¢'(a)= 


* We have seen above (§ 71) that all considerations founded on the theory of 
envelopes in the study of differential equations are quite troublesome. All the difti- 
culties pointed out in the study of the singular solutions of an ordinary differential 
equation of the first order arise again for partial differential equations of the first 
order. The final conclusion is just as before: a partial differential equation of the 
first order, given a priori, does not normally have any singular integrals. This 
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S 

It would seem from what precedes that we ought to distinguish 
three categories of integrals: the complete integral, the general inte- 
gral, and the singular integral. But Lagrange’s theory itself shows 
that there exist an infinite number of complete integrals. Indeed, 
if we establish between the two parameters a and 8 a relation of a 
definite form 6 = m(a, a’, b'), containing two constants a! and 0','the 
corresponding general integral will depend upon these two constants 
a', b'; and may be considered as a new complete integral. The 
original complete integral will now be included in the general inte- 
gral, and will correspond to the relation ) = 7(a, a’, b') established 
between the two parameters a' and b'. There is, therefore, no essential 
distinction between the general integral and the complete integral. On 
the contrary, the singular integral, as can be seen from its geometric 
meaning, does not depend upon the choice of the complete integral. 

Example 1. Consider the generalized Clairaut’s equation 


z= pet gy + f(p, @)- 
It is easily seen that it has a complete integral of the form 

z= ax + by + f(a, b). 
This complete integral is represented by a family of planes which de- 
pend upon two arbitrary parameters a and 6. These planes envelop 
a non-developable surface %, which is the singular integral surface of 
the given equation. In order to obtain the general integral, we must 
choose an arbitrary relation between a and 8, say b = ¢$(a), and we 
must find the envelope of the planes thus obtained. This envelope, 
which is represented by the two equations 


ry 0 
z2=ax+y$(a)+f[, o(a)], et+yo'(a)t+ S 25 ao 


is a developable surface tangent to the surface & all along a curve I. 

It is evident that we can choose the arbitrary function #(qa) in such 

a way that the curve of contact I shall be any preassigned curve on &. 
Example 2. Consider the equation 


of =f (Pp), 
of which a complete integral is 
z=an+f(ajy+. 


$'(a) = 9, 


conclusion does not contradict the reasoning of the text, for we have assumed that 
we can apply the theory of implicit functions to the system of three equations (56), 
and the conclusions are correct only when that condition is satisfied. (See the paper 
by Darboux, Sur les solutions singulieres des équations aux dérivées partielles du 
premier ordre (Mémoires des Savants étrangers, Vol. XXVII).) 
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This equation represents a plane, and the general integral, which is 
given by the system of two equations 


(59) z=ant+yf@t+9¢@, V=c+yf"(a)+ 4, 
is represented by developable surfaces, which can be defined geomet- 
rically in a very simple way. Draw through a fixed point of space 
(for example, the origin) the planes parallel to the planes which form 
the complete integral ; these planes depend.only upon the parameter 
a, and consequently envelop a cone (7') whose vertex is at the origin. 
It follows that the edge of regression of the developable surface (59) 
has its osculating plane constantly parallel to a tangent plane of the 
cone (7’). Hence the generators of this surface are parallel to the gen- 
erators of the cone just mentioned (I, § 227, 2d ed.; § 224, 1st ed.). 

The equations (56), which determine the singular integral, are in 
this case inconsistent, for the last reduces to 1=0. There is there- 
fore no singular integral. 

Example 3. Consider a family of spheres with a given radius R, 
whose centers remain in a fixed plane. These spheres depend upon 
two arbitrary parameters, and if we take a system of rectangular 
axes with the fixed plane for the xy-plane, they are represented by 


the equation GaGa 
The corresponding partial differential equation is obtained by elimi- 
nating a and 6 from this equation and the following two, 

x—-a+tpze=0, y—b+qz=0, 
which gives the equation 

Q+y+7)2-R=0. 

Geometrically this equation expresses the fact that the portion of 
the normal included between any point of the surface and the ay- 
plane is constant and equal to R. The general integral is a tubular 
surface, the envelope of a sphere of radius R whose center describes 
an arbitrary curve in the wy-plane. There is a singular integral 


surface formed by the two planes x =+ R. It is evident that these 
two planes are tangent to all the other integral surfaces. 


83. Lagrange and Charpit’s method. To sum up the preceding, in 
order to determine all the integrals of an equation of the first order, 
(60) F(a, Y) * Py q) = 0, 


it is sufficient to know a complete integral, that is, an integral depend- 
ing upon two arbitrary constants. In order to determine a complete 
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integral, let us suppose that, by any means whatever, we have 
obtained another function (2, y, z, p, ¢) such that the two equations 
(61) =), =a 

can be solved for p and g, and form a completely integrable system, 
for any value of the constant a. If this is the case, then by solving 
the two preceding equations for p and q, and substituting these 


values of p and qg in the equation dz = pdx + qdy, we obtain a com- 
pletely integrable total differential equation 

(62) dz = f(a, y, 2, a)dx + (a, y, 2, a) dy. 

The integration of this equation introduces a new arbitrary constant 
6, and in this way we obtain an integral of the given equation which 
depends upon the two arbitrary constants a and 0. 

Lagrange and Charpit’s method of integration consists precisely 
in adjoining to the equation F = 0 another equation @ = a such that 
the system (61) formed by these two equations is completely inte- 
grable. For this it is necessary and sufficient ($ 81) that [F, &] = 0, 
that is, ob 


bo ao ae 
(63) PS +05 S++ e AOS SIA Noronha Ble SY 


where, for a we have set 


OF OF OF OF oF 
a — — — P = — ha. 
x a ie Ti Z Ae? oa Q Tag 
The auxiliary function ®(q, y, z, p, 7) must therefore satisfy a linear 
partial differential equation in five independent variables. The inte- 
gration of this linear equation reduces in turn to that of the system 


of ordinary differential equations 
dx dy _ dz eel Cx, ke, —dq ; 
P=—0. Po-+iQy' > XE pe HZ 
But, for the purpose which we have in view, it is not necessary to 
find the general integral of this system (64) ; it is sufficient to know 
one first integral @ = a of this system, such that we can solve the 
two equations F = 0, @ = a for p and g. 

We can therefore state the following general rule: 


(64) 


To obtain a complete integral of the equation (60), we first find one 
Jirst integral ® = a of the auxiliary system (64) for which the Jaco- 
bian D(F, ®)/D(p, 7) ts not zero ; then we solve the two equations 
F=0,@=a for p and q. Substituting the expressions obtained for 
p and q in the equation dz = pdx + qdy, we obtain a completely 
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integrable total differential equation. The general integral of this 
equation contains a second arbitrary constant b, and is a complete inte- 
gral of the equation (60). 


We know in advance one integral of the equation (63); that is, the 
function F itself. This integral cannot be used directly, but the 
knowledge of it reduces the integration of the system (64) to the inte- 
gration of a system of three differential equations of the first order. 
The precise nature of the problem to be solved is thus made clear. 

When the function F does not depend upon the unknown function 
z, we may also suppose that the function @ does not depend upon z, 
and the condition that the system (61) be completely integrable 
is then 


(F, &) = 0, 
or 
0® 0® 6d é® 
r aaa _—- _—_- — —_- = 
(63) P> +Q a x an ahs 0. 
Hence the auxiliary system (64) takes the form 
(64') Oil as hs, OR 
de Q x de 


If we know a first integral 6 = a of this system for which 


D(F, ®) 
D(p, 4) 
is not zero, we are led to a total differential equation of the form 


dz = f(x, y, a)dx + $(a, y, a) dy, 
which is integrable by a quadrature. The difficulty of the second 
part of the problem is therefore diminished in this case. This is also 
true of the first part, for we know a first integral F = C of the sys- 
tem (64'); we can therefore replace this system by a system of two 
differential equations of the first order. 


Example 1. Let us consider an equation containing only one of the three 
variables x, y, z (for example, the variable y) : 


F(y, p,q) =0. 
In this case XY = Z = 0, and the equations (64) give the integrable combination 
dp = 0. Hence the two equations F(y, p, g) = 0, p = a form a completely inte- 
grable system, as is easily verified. For if we solve the given equation for g, 
the total differential equation to be integrated takes the form 


dz=adzx+ f(y, a)dy. 
Hence we obtain a complete integral by a quadrature : 


z=ar+ f f(y, a)dy +d. 
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Example 2. An equation of the form Fo, Pp, YG =9 can be reduced to the 
preceding form by taking y and z for the independent variables, but we can dis- 
pense with this change of variables. For in this case we have X = Y = 0, and 
the equations (64) give 

dp _ dq. 


’ 


Pp q 
whence a first integral isg = ap. From the two equations 


q = ap F z =0 
we then derive , (2, P, @) 


p=fZ, 4), qg=af(z, a), 
and the total differential equation 
dz = f(z, a) (de + ady) 


can be integrated by a quadrature: 


feFnaatay+s 
F(z, @) i 


Consider, for example, the equation pg —z = 0. Adjoining to it the equation 
g = ap, we derive from them 


ee oe td eae ae ‘ 
p= = ay’, ate = 4/2 (te + aay); 


hence a complete integral is given by the equation 
4az = (x + ay + D)?, 


which represents a family of parabolic cylinders tangent to the zy-plane along 

the entire length of a generator. The zy-plane represents a singular integral. 
The equations (64), in the case where F = pq — z, have also the first integral 

p—y=a. Starting with this integral, we are led to the total differential 


equation ady 


hh es dx 
ND MNP 8 para 


’ 


which can also be written in the form 


Zz 
dx=d : 
Vand 


This furnishes a new complete integral z = (y + a) (x + b), which represents a 
family of hyperbolic paraboloids tangent to the zy-plane. 

Example 3. Let the equation be of the form f(z, p) —J,(y, g) = 0. The dif- 
ferential equations (64’) 


co sdy —dp_ & 
of _ oh, of = of, 
op og or oy 


have the first integral f(z, p) = a. If we adjoin this equation to the given equa- 
tion, we derive from the two relations 
Sf (x, p) = a, AY; q) = 4, 


the values for p and g, p= ¢(z, 2), 7=%,(y, 4, and the total differential 


equation 
Ze ¢ (2, a) dz = oY; a) dy 
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can be integrated by two quadratures as follows : 


z= {(c, ade + f(y, 2) dy +b. 


When an equation of the first order is of the preceding form, we say that 
the variables are separated. For example, let us consider the equation 


py — zy = 9, 
which can be written in the form 
1 A " 
| 


Equating these two quotients to a constant a, we obtain the total differential 
equation y 
dz = axdz + = dy, 


whence a complete integral is 
ax? y? fh 
= — + — G 
2 2a 
Example 4. Let us propose to find the functions F(x, y, p, g) for which the 
equations (64) have the first integral py — qx =a. For this it is necessary and 
sufficient that the relation pdy + ydp — qgdz — xdq = 0 shall be a consequence 


of the relations (64’); that is, that the function F shall itself be an integral of 
the linear equation 


oF oF oF oF 
egies aie ak 
The corresponding system of differential equations 
dx dy dp _ qq 
—y & -g Pp 


has the three first integrals 

e+y=O, pr+g=C’, py—gqe=C”, 
and the function F is therefore of the form F(py — qa, x? + y?, p? + q?). The 
investigation of the equation F = 0 for a complete integral is therefore reduced 
to the integration of two simultaneous equations of the form 


P+P==fe+y, py—gq), py—qe=a. 
Making use of the identity 
(p? + 9?) (2? + y*) = (py — qx)? + (pe + gy)’, 
we derive from the two preceding equations 
pet qy =V (0? +9) fe + v7, a) — B= 9 (@? +7, a). 
Solving for p and q, we obtain the values 


— ty + 2g (x? + y?, a) ~~ at yee +y’, a 
a+ i a? + y? 
whence we obtain a complete integral by a quadrature, 


i y o (u, @) 
2=— aarc tan {= alee AF | 
n(?) +f rer du + b, 


p 


where u = 2? + 72, 
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1t is sometimes possible to find a priori, by geometric considerations, certain 
integrable combinations of the differential equations (64). Suppose, for exam- 
ple, that we wish to find the surfaces S whose tangent plane at any point M 
meets at a constant angle V the plane passing through M and Oz. It is clear 
that if a surface S satisfies this condition, all the surfaces obtained from it by 
a helicoidal movement around the z-axis, for which the pitch of the helix is 
equal to h, will also satisfy the condition. Hence the surface envelope = will 
also be an integral of the same equation. This envelope = is evidently a 
helicoidal surface of pitch h. Since we may translate it any distance what- 
ever parallel to the z-axis, it follows that the partial differential equation of 
the problem and the partial differential equation of the helicoidal surfaces 
py — qv = a (§ 72) have, for any value of a, an infinite number of common 
integrals which depend upon an arbitrary constant. Consequently the differ- 
ential equations (64) corresponding to the partial differential equation of the 
surfaces S have a first integral py — qx = a, and the complete integral can be 
obtained by a quadrature. 


Note. It should be noticed that it is not necessary that the relation (63) 
shall be identically satisfied in order that the system (61) be completely inte- 
grable ; it is sufficient that it be satisfied by virtue of the relation F = 0 itself. 
We can sometimes make use of this fact in the search for the function &. In 
fact, the problem of finding an integrable combination of the equations (64) 
reduces essentially to that of finding five functions X», Ay, Az Ap, Ag Of the 
variables z, y, z, p, q such that 


Adz + rydy + dz + Apdp + rAqdq 
shall be an exact differential d and such that we have also ~ 
Pr + Qry + (Pp + QG) dz — (X + PZ) ry — (¥ + 9Z)dz = 0. 


If this last equation is not satisfied except by virtue of the equation F = 0, the 
function @ is not, properly speaking, a first integral of the system (64). How- 
eyer, since the multipliers \,, Ay, --- are equal to the partial derivatives of &, 
the two equations F = 0, 6 = a still form a completely integrable system, for 
the equation (63) is then a consequence of F = 0.* A similar remark applies to 
the sytem (64’). 


* When the equation /’=0 can be solved for one of the variables x, y, z, p, q, we 
may suppose that the function & does not contain that variable, and it will also not 
appear in any of the coefficients X, Y, Z, P, Q. For definiteness, let us take an equa- 


tion of the form ptf x, vy, % Q=0. 
To find a complete integral, we need only adjoin another equation ¢ (x, y, 2, q)=4, 
which forms with the first a completely integrable system. In this case the condition 
[p +f, ¢]=0 takes the form 

oo, of sol of _ eee Silene 

Oe * 2g oy 1 oq t fy A = Gra ae) 


in which the letter p does not appear. ; ; 
More generally, let us suppose that we can satisfy the relation /=0 by putting 


p=f, Y, 2, r); q=9(2, Y, 2, r), 
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84. Cauchy’s problem. Given an equation 


(65) P=S(@,Y % %) 
in which the right-hand side is analytic in the neighborhood of a 
system of values (2, Y» %» Y)) and a function ¢(y) analytic in 
the neighborhood of the point y,, such that we have $(y,)= %, 
$'(Y,) =U We proved in § 25 that this equation has an analytic 
integral in the neighborhood of the point.(x,, y,) which reduces to 
the given function ¢(y) for z=~z,. Let C be the plane curve rep- 
resented by the two equations z = x,, z= $(y). Geometrically this 
result may be stated as follows: There exists one and only one ana- 
lytic integral surface of the equation (65) passing through the curve C. 

This proposition is capable of generalization. Let us first consider 
an equation of any form, 


(66) F(a, Y; *) Pp; q) — 0, 
and let us propose to determine an integral surface passing through 
a plane curve, such as C, which lies in a plane x = a, parallel to the 
yz-plane. Let 2 = $(y) be the equation of the cylinder which pro- 
jects C upon the yz-plane. Since the function ¢ is analytic in the 
neighborhood of the point y,, the equation 


(67) F(@,, Yoo *o9 Ps I) =. 0, 


where z, = $(Y,); %) = ¢'(y,) and where we regard p as the unknown, 
has a certain number of roots. Let p, be one of them. If the func- 
tion Fis analytic in the neighborhood of the system of values (a,, 
Yor %» Poy %), and if also the partial derivative (@F/ép), is not zero 
for this system of values, the equation (66) has a root p = f(a, y, 2, g) 
which is analytic in the neighborhood of the system of values (z,, y,, 
%» %) CL, § 193, 2d ed.; § 187, 1st ed.). Hence we are led back to 
an equation of the form (65), which shows that the equation (66) 
possesses an integral surface through C. As a matter of fact, the 
reasoning proves that this equation has m integral surfaces which 
satisfy the conditions if the equation (67) is of degree m with 
respect to p. There is no possible exception unless one of the roots 


where \ denotes an auxiliary parameter. We need only replace \ by a function of 


x, y, z such that the equation dz=fdx + ¢dy is completely integrable, which again 
leads to a linear equation for \ (x, y, 2): 


B42 40h (24 PRg) 28 28 p, 26 (2d an ) 


dy a2 Orv\dy Oz”) Ou! az~* or \ar* oz: 


(ANTOMARI, Bulletin de la Société Mathématique, Vol. XIX, p. 154.) 
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s 
of the equation (67) satisfies also the relation OF /op = 0 at all the 
points of C, since 2, y,, z, are the codrdinates of any point of 
this curve. 


Let us consider finally any curve I, represented by a system of 
two equations 


(88) e=A(y), z= p(y); 
and let it be required to determine an integral surface of the equa- 
tion (66) which passes through T. This problem, in turn, can be 
reduced to the preceding by means of a change of variables; for if 


bie z=X+X(¥), y=¥, 
the relation dz = pdx + gdy becomes 
dz = pdX ee ay 


and from this we derive 


bz , Oz 
_ C= Ns: 
The equation (66) is then replaced by the equation 
6z Oz 2 
r ! =| 
(66') Fx = ee OO pie ok eee ax aY - NO) gE |=9, 


and it remains to find an integral of this new equation which 
reduces to w(Y) for X = 0. Hence we see that in general an inte- 
gral surface of an equation of the first order is determined if we 
assign a curve lying on that surface. There may be several integral 
surfaces satisfying this condition if the equation similar to (67) has 
several distinct roots, just as an ordinary differential equation of the 
first order and of degree m in y' has in general m integral curves 
passing through a given point. We shall return later to the excep- 
tional case in which this reasoning fails. 

The problem of determining an integral surface of a partial differ- 
ential equation of the first order through a given curve has been 
called Cauchy’s problem. This name is used to remind us of the 
close relation just explained existing between this problem and 
Cauchy’s general theory. We shall now show how Cauchy’s problem 
can be solved by an elimination if we know a complete integral, and 
this will furnish also a verification of the preceding results. 


Let V(a, Ys eo b) =a 


be a complete integral, and let T be a given curve not situated upon 
the singular integral surface nor upon one of the integral surfaces 
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obtained by giving to a and to 4 constant values. Cauchy’s problem 

reduces to determining the function ¢ (a) in such a way that the given 

curve I shall lie upon the surface S defined by the two equations 
OV OV 


(89) Vi5n%%%@l=0 7 +or es 


Let us suppose that the codrdinates x, y, 2 of a point of I are 
expressed as functions of an auxiliary parameter i, 


(70) a = f(A); y =f), z= f,(), 
and let U(A, a, 6) be the result obtained by replacing x, y, z in 
V(x, y, 2, a, 6) by the preceding expressions. The two simultaneous 
equations 


$'(a) = 0. 


de: 0U Li ee ee 

(71) = -U[A, 4, $6(@)] = 9, age) 
determine the values of A and a which correspond to the points of 
intersection of the curve T with the surface S. If the surface S 
passes through the curve I, these two equations form an indeter- 
minate system. Hence, eliminating A from these two equations, we 
obtain an identity. This elimination leads to a relation between a, 
$(2), $'(4); 

C2) II [a, $(a), ¢'(a)] = 9, 
that is, to a differential equation of the first order for the determine- 
tion of ¢(a). It would seem, therefore, that the problem has an 
infinite number of solutions, contrary to Cauchy’s result. But it is 
easy to deduce from the equations (71) another relation not contain- 
ing ¢/(a). In fact, let us suppose that the curve I lies entirely on 
the surface S. When a point moves on I, @ is a function of X which 
satisfies the two equations (71) simultaneously. Hence, if we differ- 
entiate the first of these two equations with respect to A, it follows 
from this result and the second that 

0U 

(73) aie 0. 
This equation contains only A, a, ¢(a). Eliminating X from the two 
equations U = 0, 0U/éA = 0, we obtain an equation which determines 
the function ¢(a). The method to which we are led has an evident 
geometric meaning. In fact, the equation U(A, a, 6) = 0 determines 
the values of X which correspond to the points of intersection of the 
curve I with the complete integral. If we also have U/éd = 0, this 
equation has a double root, and the complete integral is tangent to I. 
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od 
Eliminating A from the two equations U(A, a, b)=0, 0U/éA = 0, 
the condition obtained, (a, 6) = 0, therefore expresses the fact that 
the complete integral is tangent to I, and the desired integral surface 
through T may be defined as the envelope of the complete integral 
surfaces tangent to the curve T. This result is geometrically almost 
intuitive.* 


85. Characteristic curves. Cauchy’s method. Cauchy’s method is 
independent of the theory of the complete integral. We shall now 
present it in a geometric form. For this purpose, let us first consider 
the meaning of a non-linear partial differential equation 


(74) F(a, y, 2, p,q) = 9. 

This equation may be regarded as a relation between the direc- 
tion cosines of the tangent plane to an integral surface S through a 
given point (2, y, #) of space. Hence this tangent plane cannot be 
any plane passing through the point (a, y, z). Since the possible 
tangent planes form only a one-parameter family, they envelop in 
general a cone (7) whose vertex is the point (a, y, 2). It follows 
that the tangent plane at any point M of space to each integral surface 
S passing through this point is also tangent to a certain cone (T) 
whose vertex is at M. 

The cone (7) depends, of course, upon the function F, and also 
upon the position of its vertex. In order to obtain the equation of 
the cone (7) whose vertex is (#, y, #), we must, by its definition, 
find the envelope of the planes 


cS Z—#=p(X—2)+q(V—y); 
where the parameters p and g are connected by the relation (74). We 


must therefore eliminate p and ¢ from these two equations and the 
new relation (I, note, § 208, 2d ed.; § 202, 1st ed.) 


(76) (V-ny- 4-95, =0. 


* It is easy to obtain the general integral of the differential equation (72). In fact, 
if we replace \ by an arbitrary constant Xo, the function ¢ (a) defined by the equation 
(e) U[Yo, a,¢ (a)] =0, 
lso satisfies the equation 
also q oT TH 
a 0a O(a) 
Hence ¢ (a) satisfies also the equation obtained by eliminating Ao from (e) and (e’), 
put the resulting equation is exactly the equation (72). The relation (e) therefore 
represents the general integral of the equation (72). There is also a singular inte- 
gral, which is indeed precisely the desired solution of the given problem. 


$’ (a) =0. 
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The two equations (75) and (76) represent the characteristic direc- 
tion, that is, the generator of the cone (7’) which is the line of con- 
tact of the tangent plane. If we suppose that the axes of coérdinates 
are rectangular, we can obtain immediately the equation of the 
normal cone (NV), which is generated by the normals to the different 
integral surfaces passing through the point M. For, since the equa- 
tions of the normals are 


L- Gt pl e—2)30, yt g(4 =a} 0, 


the elimination of p and qg gives the equation of the cone (NV) in 
the form 


(77) Hei poppe? 

If the given equation (74) is linear in p and g, the cone (JV) is a 
plane and the cone (7) reduces to a straight line A. We have seen 
(§ 76) that the integration reduces in this case to the search for the 
curves which are tangent in each of their points to the correspond- 
ing straight line A. We are led to Cauchy’s method by extending 
this process to non-linear equations. 

Let S be an integral surface represented by the equation 


~= f(y). 

At each point M of this surface the tangent plane is also tangent 
to the cone (T) along a generator (G). We shall give the name char- 
acteristic curve to every curve C of the surface S which is tangent 
in each of its points to the corresponding generator G. Through 
each point of S (excepting the singular points, if there are any) 
there passes one and only one curve of this kind. The name charac- 
teristic curves will be justified later (§ 86). 

The key to Cauchy’s method is that we can determine these curves 
by a system of ordinary differential equations without knowing the 
function f(x, y). In the first place, the tangent to the curve C coin- 
cides with the straight line G represented by the two equations (75) 
and (76), which may be written in the form 

Ait. ee 
PQ ” Pp+Qq 
in the notation of § 83. Along a characteristic curve 2, y, 2, p, 7 
are functions of a single independent variable, and we may write the 
relations between the differentials dx, dy, dz in the form 


ded d 
(78) ae Od dy, 
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3 ; PA oy aus: 
where w is a conventional auxiliary variable which is introduced 
merely for symmetry. Along this curve C we have also 


dp = rdx + sdy, dq = sdx + tdy, 


where r, s, ¢ are the usual second derivatives of the function S (ery). 
On the other hand, since z= f(a, y) is an integral of the given 
equation (74), the partial derivatives 7, s, ¢ also satisfy the two 
relations 


X+pZ+Pr+Qs=0, Y+qZ+Ps+ Qt¢=0, 


which are obtained by differentiating (74) with respect to a and 
with respect to y. Replacing the differentials dx and dy by Pdu and 
Qdu respectively, the expressions for dp and dg become 


dp = (Pr + Qs) du, dq = (Ps + Qt)du, 
or, using the preceding relations, 
dp =—(X + pZ)du, dq =—(Y + qZ)du. 


Adjoining these equations to the equations (78), we arrive at a 
system of ordinary differential equations 


a 


which is identical with the system (64) to which we are led by 
Lagrange’s method. 

This system of differential equations is absolutely independent of 
the integral considered. We derive from it the following conclusions : 
Let («,, Y¥) %) be the codrdinates of a point M, of S, and let p, and 
q, be the values of » and g for the tangent plane at this point. If 
the function F is analytic in the neighborhood of this system of 
values, and if not all the denominators of the quotients (79) vanish 
simultaneously for 2,, ¥,) %» Py: Yo» the equations (79) have one and 
only one system of integrals which take on the values 2,, y,, 2) Py) J 
for u=0. It follows that if two integral surfaces are tangent at a 
point (2) Yor %) they are tangent along the entire length of a common 
characteristic curve through that point. 

For convenience we shall call every system of values assigned to 
the five variables x, y, z, p, gy an e/ement. Thus, an element may be 
thought of as consisting of the set of a point whose coordinates are 
(a, y, ) and a plane through that point whose position is defined 
by the values of p, ¢. Along an entire characteristic curve, a, Y 2 Ds 
and g are functions of an independent variable u. To each point of 
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a characteristic curve there corresponds, therefore, an element com- 
posed of this point together with the plane through this point defined 
by the values of p and g. But from the equations (79) we have 


dz dx dy 

du du * 8 du’ 
so that this plane contains the tangent to the curve at the point 
(x, y, #). When the point (a, y, z) describes the characteristic curve, 
the corresponding plane envelops a developable surface passing 
through this curve, which is called the characteristic developable 
surface. Thus, to each characteristic curve there corresponds a char- 
acteristic developable surface through that curve. We shall hereafter 
use the words characteristic strip to denote the combination of the 
curve and the developable surface, and we shall refer to the curve 
as the characteristic curve, to avoid any possibility of ambiguity. 
With this understanding, a characteristic strip is composed of an 
infinite number of elements which depend upon an independent 
variable, and the infinitesimal variations of z, y, 2, p, q are con- 
nected by the relations (79). A characteristic strip is therefore 
completely defined if we are given one of its elements, and the 
theorem stated a moment ago can again be expressed in the follow- 
ing exactly equivalent form : 


If two integral surfaces have a common element, they have in com- 
mon all the elements of the characteristic strip to which the given 
common element belongs. 


The totality of all characteristic strips depends upon three arbi- 
trary parameters. In fact, a characteristic strip is determined if one 
of its elements (@,, ¥, %) » YJ) 18 given. One of the codrdinates, 
x, for example, may be assigned a given numerical value, and, more- 
over, by definition the relation F(@,, y,, 2) 2) %,) = 0 is satisfied. 
Hence only three parameters remain arbitrary. 

In order to determine the characteristic strips, let us observe first 
that F = const. is a first integral of the equations (79). Hence, if 
F(a, y, 2, p, 7) vanishes for the initial element (a,, ¥,, %5 Py %)) F 
vanishes throughout the entire length of the characteristic strip 
through that element, as we see also from the derivation of the 
equations (79). In order to find the characteristic strips of the given 
equation, we can therefore adjoin to the system (79) the relation 
F = 0 itself, which reduces that system to one of three differential 
equations of the first order. 
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Let us suppose that we have obtained the equations of the charac- 
teristic strip in finite terms; and, for definiteness, let 


(80) ibs =f(@, Xo» Yo Zo) Po Yo)s & = f(a, Xo) Yoo 7) Po a) 
P =F, (%, Xo» Yoo ®o9 Po q,)> q = f(x, Xoo Yoo %o» Poo %) 


be the equations of the characteristic strip through the element 


(® 1 Yor %» Pos Xo) 


The two first equations of (80) represent the characteristic curve 
itself, and every integral surface, being a locus of the characteristic 
curves, will be obtained by supposing that «,, y,, 2) Py) 7 are func- 
tions of an auxiliary parameter v. We are therefore led to investi- 
gate how these five functions of v may be chosen in order that the 
surface generated by these characteristic curves shall be an integral 
surface. We shall introduce with Darboux an auxiliary variable w, 
and write the equations in a symmetric form. Let 


(81) yh ,(U, Loy Yor ~o9 Poo %)) 
ei 3 (Us Xo» Yoo %o9 Po» G)s 


(82) ee a $,(u, Xoo Yor ~o» Poo q,)5 
q = $,(u, Xo» Yoo Zs Po Yo) 


4 | = $, (u, Xo» Yoo &o) Po Yo)» 


be the equations which represent the integral of the system (79) 
which takes on the values a, y,, %) Py) % respectively for w = 0. 
If we replace x,, 53 %)» 2» Zo in these expressions by functions of a 
second auxiliary variable v, the equations (81) represent in general 
a surface S, u and v being regarded as two independent variables. 
In order that the surface S be an integral surface, and that the 
curves v = const. be the characteristic curves, the equations (82) 
must give precisely the values of p and qg which determine the 
tangent plane to that surface; and, moreover, the relation F=0 
must be satisfied at every point of S. Hence the five functions 
L, Y, % p,q of the two variables w and v must satisfy the three 


conditions 
(83) F(a, y, %p, N= 9%, 
Ch Bp A AO es 


(85) a Pay fay 
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Since the five functions ¢; are integrals of the system (79), we have, 
as remarked above, F(x, y, %, P, 7) = F' (a5) Yor %» Po» Uo)» Hence the 
relation (83) will be satisfied if 


(86) F(2q) Yo %» Por Uo) = 9 
The relation (84) is identically satisfied, for it is a consequence of 
the differential equations (79). Cauchy transforms the condition (85) 
as follows: Indicating by H the left-hand side of (85), and differen- 
tiating with respect to uw, we find 


OH Pz Cx Gy Gxdp dy bg 


du Oudv Pound ~2oudv Ov du dv du 


On the other hand, differentiating the relation (84) with respect to v, 
we have also 

Vs ce Py  OGpo0x bg by 

~ Gudv  dudv 1 dudv bv Gu bv Ou? 


whence, subtracting, 
OH _Opcx , Oyoy Oxtp by bq 


du dv du Ov du bv du dv du 


or, replacing the derivatives with respect to u by their values 
obtained from the relations (79), 
0H Ox oy 
ae 
Ou dv i a 
Finally, observing that the five functions 2, y, z, p, g of v satisfy 
the relation 


eq ex, 8 
U4 poh 4 ft +2 (> = +954). 


F(a, Y; *) Py q= 0, 
and that we therefore have also 


Ox by Oz Gp eq 
- renters Gast as Bg chee 
we may write the preceding value of @H/éu in the form 
OH Oy 02 
8 _ = — 
Gn ou Ce Ov +g ov ~ =) = 


We derive from this relation the following value for H, 


(88) HoH eh 
where 7, denotes the value of H for w = 0, that is, when 2, Y, ZIP g 
reduce respectively to 2, ¥,, % Py» Yo Since the function F, and 
consequently also the partial derivative Z, is supposed analytic 


in the neighborhood of the system of values Bx Yor Zr Por Yor he 
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necessary and sufficient condition that H be zero is that H, be zero, 
that is, that (éz/év), = p,(éa/év), + q,(2y/ev),. 


Summing up, to obtain an integral surface * it is sufficient to replace 
Loy Yor %» Por J tm the equations (80) or (81) by functions of an 
auxiliary variable v which satisfy the two conditions 

Oz 0x oy 

(89) F(X os Yor %» Pos Yo) = 9, res Nera By 


This method leads very easily to the solution of Cauchy’s problem. 
In fact, if we wish to determine an integral surface through a given 
curve I’, we may take for a,, y,, z, the codrdinates of any point of 
that curve expressed as functions of a variable parameter v, and the 
equations (89) then determine p, and g,. The solution may also be 
stated in geometric language as follows: The first of the equations 
(89) expresses the fact that the plane through the point (@,, y,, z,) 


* The argument presumes, however, that the denominators P, Q, X+pZ, Y+qZ 
are not all zero for the initial values %, Y%, 2, Po, Yo. In case they are, the equa- 
tions (81) and (82) reduce to x= 29, Y= Yo, Z= 2) P = Po) Y= Yo, Whereas if we suppress 
the auxiliary variable w, the equations (79) may have integrals which take on the 
given initial values (§ 31, Note). Hence the integrals of the given equation which 
satisfy also the four equations 


P=0, Q=0, X+pZ=0, Y+qZ=0 


are not given by the general method. Such integrals, if there are any, are singular 
integrals. There exist normally no such integrals for an equation given a priori and 
not formed by eliminating constants. 

The reasoning can be arranged so as to put in evidence the hypotheses necessary 
for the validity of the conclusions. Let us suppose first of all that the function 
F (x, y, 2, p, 7) is an analytic function of x, y, z, p, yg. In order to show that every 
integral z=/ (x, y) represents a locus of characteristic curves, it is not necessary to 
suppose that that integral is analytic; it is sufficient to assume that it has continuous 
partial derivatives of the second order 7, s, t, since only these derivatives appear in 
the proof. The characteristic curves, being defined by a system of analytic differen- 
tial equations, are necessarily analytic curves, and, consequently, on every integral 
surface, whether it is analytic or not, there exists a family of analytic curves, namely, 
the characteristic curves. The functions $1, ¢9, ---, 5, Which represent the general 
integral of the equations (79), are analytic functions of w and of the initial values 
20; Yo, Zo Por Yo (§ 26). In order that the calculations which follow, and their con- 
clusion, be rigorous, it is sufficient that these initial values be continuous functions 
of a parameter v, and that they have continuous derivatives, but it is not necessary 
that they shall be analytic functions of v. 

This is quite in accord with the method of the variation of constants. If the com- 
plete integral V(x, y, z, a, b) is an analytic function of its arguments, the same 
will be true of F(x, y, z, p, @), but nothing in the argument requires that the arbi- 
trary function b=¢ (qa) shall be an analytic function of a. A similar remark applies 
to the general integral of a linear equation. For more details on this subject see 
E. R. Heprick, Ueber den analytischen Character der Lisungen von Differential- 
gleichungen (Inaugural-Dissertation, Gottingen, 1901). 
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determined by the values p, and q, is tangent to the cone (7) whose 
vertex is that point; and the second of the equations (89) expresses 
the fact that this plane passes through the tangent to the curve I. 
Hence the whole process may be formulated as follows: Through 
the tangent at the point M to the curve T pass a plane tangent to the 
cone (T) whose vertex is M ; let C be the characteristic curve through 
the element thus determined ; the surface generated by this charac- 
teristic curve, as the point M describes the curve T, is an integral 
surface through the curve TY. 

There will be as many surfaces fulfilling these conditions as there 
are tangent planes to the cone (7') through a tangent to the curve I. 
It is also clear that we should associate tangent planes which form 
a continuous sequence. 

Let us consider first the general case where the tangent to the 
curve I is not a generator of the cone (7). Since p, and g, fix the 
position of the tangent plane to the cone (7), the direction cosines 
of the element of contact of (7) with that plane are proportional to 
P yy Qor Po Po + %qYor by the formule (75) and (76). Since the differ- 
ence P,(¢y,/ev) — Q,(@x,/ev) is not zero, the values of p, and of q, 
derived from the equations (89) are analytic functions of v in the 
neighborhood of the given point of IT. On the other hand, we can 
solve the first two equations of (81) for w and v, for the functional 
determinant 0x/du dy/dv — dy/du éx/ev reduces for u = 0 to 


(a), Cae) ~ (Ge), Gt) 
Ou ov Ou/> \ dv 
that is, to P,(@y,/év) — Q,(éx,/év). Substituting these values of u and 


v in the third of the equations (81), we see that 2 is an analytic 
function of # and y in the neighborhood of the given point (see § 84). 


If the tangent at a particular point of the curve T coincides with the element 
of contact of (7) with the plane determined by the values py, g, at that point, 
this point is in general a singular point for the corresponding integral. If the 
same thing happens at every point of T, we must distinguish two cases, according 
as the curve I is a characteristic curve or not. 

If the curve I is a characteristic curve, it is tangent at each of its points to an 
element G of the cone (7) whose vertex is at that point, and the characteristic 
developable surface is the envelope of the tangent plane to the cone (7) along 
the generator G when the vertex M describes the curve T. The characteristic 
curve through each of the elements thus determined coincides with the curve 
L itself, and the equations (81) do not define a surface. But it is clear that in 
this case the problem is indeterminate. For let M be a point of I’, let P be the 
plane tangent to the cone (7) whose vertex is M along the tangent @ tol, and 
let I’ be another curve through M whose tangent at M is a straight line of the 
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plane P different from @. From what we have just proved, the integral surface 

through I’ contains the curve I. 

If the given equation (74) is not linear in p and q, as we shall suppose, the 
curve T can be tangent at each of its points to a generator @ of the correspond- 
ing cone (7) without being a characteristic curve. The family of curves 
haying this property depends, in fact, upon an arbitrary function. Let 


Y— y )= 0 
eer oe 


#(z, Y, 23 


be the equation of the cone (T) whose vertex is (x, y, z). In order that a curve 
i be tangent at each of its points to an element of (7), the codrdinates 2, y, z 
of a point of that curve must be functions of a variable v satisfying the condition 


(90) #(n05 4S = 


If we take xz, for example, as the independent variable, we may choose arbi- 
trarily y = f(x), and then, substituting f(z) for y in the preceding relation, we 
have a differential equation of the first order for the determination of z as a 
function of z. Every curve not a characteristic satisfying the condition (90) 
will be called an integral curve. 

Now let us suppose that the curve I, for which 4 wish to solve Cauchy’s 
problem, is an integral curve. From eaih point M of I there issues a character- 
istic curve tangent to T, and it follows from the preceding arguments that the 
surface S generated by these characteristic curves is an integral surface. Indeed, 
it is sufficient to take for 2, yy, 2) the codrdinates of a point of I, and for p), 
dp the coefficients p and g of the plane tangent to (7’) along the tangent toT. 
But this curve I is a singular line on the surface S; for if it were not, the 
derivatives r, s, ¢ would have finite values in a point of I’, and, since we have 
Q, dz, = Po dy,, the arguments of page 251 to establish the equations (79) would 
apply without modification, and we should conclude that the curve Tis a 
characteristic curve, which is contrary to the hypothesis. This curve I, which 
is the envelope of the characteristic curves of the surface S, is the analogue of 
the edge of regression of a developable surface. 


Note. Cauchy’s method also leads readily to a complete integral ; 
for we can satisfy the conditions (89) by putting 4,=a, y, =), 
z, =, where a, 6, ¢ are any three constants and where p, and q, 
satisfy the relation F(a, b, ¢, p,, 7) = 0. The integral surface thus 
obtained is the locus of the characteristic curves starting from the 
point (a, 6, c), which is evidently a conical point for that surface. 
If we regard one of the codrdinates a, b, ¢ as a numerical constant, 
we have a complete integral. 


Example 1. Let us consider the equation treated by Cauchy, pg — zy = 0. 
Making use of the equation itself, we see that the differential equations of the 


characteristic curves can be written in the form 


d 
pdz=qdy= = = COD yas 
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We derive from them successively the integrable combinations 


dp _ dt dq _ dy dz —Pogd: = 
p x q y z 


19 ydy, 
y 


and the characteristic strip through the element (2), Yo, 9) Po» Yo) is represented 
by the equations 


= GaY,  e-my= PO = Hy v, 
Do . % 1 Yo (ie Yo 

where 2, Yo, Por Yo are connected by the relation poJg=ZY,. In order to 
obtain the integral which, for c = x, reduces to ¢(y), we shall put, as in the 
general method, y) = v, 2) = ¢(v). In this case the equations (89) give 


? Lov 
= % = . 
Jo=F(%), Po (0) 
The required integral is therefore represented by the simultaneous system of 
two equations 
v 


¢'(r) 


which define v and z as functions of z and y. These two equations may be 
replaced by the equations 


2— $(v)= 


(22 — xf) = 20) yaw, 


[z — (v)]? = (a? — 2?) (y2— v2), [z — $(v)] o’(v) = 0 (x? — 272), 


of which the second may be obtained from the first by differentiating with 

respect to the parameter v. The desired integral can be obtained by eliminating 

v, and it follows that this result is quite in accord with Lagrange’s theory. 
Example 2. Let us consider again the equation of page 240, 


(1+ p? + q2)2?— RP = 0, 


which states that the length of the segment of the normal cut off by the 
zy-plane is equal to R. Hence, in order to obtain the normal cone (JV) at the 
point M of space, we need only describe about the point M as center a sphere 
of radius R, and then take the cone of revolution whose vertex is M through 
the circle in which the zy-plane cuts this sphere. The corresponding tangent 
cone (7) is the cone of revolution whose vertex is M. We know here a com- 
plete integral, the spheres of radius R having their centers in the zy-plane. 
The characteristic curves, which are the limiting positions of the intersections 
of two spheres that are an infinitesimal distance apart (see § 86), are there- 
fore circles of radius R, whose planes are parallel to the z-axis and whose 
centers are in the cy-plane. Every integral curve, as we have seen, may be 
regarded as the envelope of the characteristic curves on an integral surface. 
These curves are therefore represented by the system of three equations, 


(x — a)? + [y — o(a)]? + z2— R?=0, 
r—a-+t [y— $(a)] ¢(a) =9, 
1+ $7 (a) + $(a) ¢"(a) — y¢”"(a@) =0, 


where ¢(a) is an arbitrary function. 
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86. The characteristic curves derived fromea complete integral. The concept of 
characteristic curves can be derived in a very natural manner from Lagrange’s 
theory. We have seen, in fact, that if V = 0 is a complete integral of a given 
equation of the first order, we obtain an integral surface by eliminating a from 


the two equations 
= CVG aCe re 

(91) V [a, y, z, a, $(a)] =0, ba ot 24 (a) ¢'(a) = 0, 
where ¢(qa) is an arbitrary function. If we give to the parameter a a constant 
value, these two equations represent a curve whose locus is the integral surface. 
The equations of this curve are of the form 

(92) Ve, ¥, 2, a, 6) = 0, BENE eae 

0a ob 
where a, 6, c are arbitrary parameters. These curves form a complex, and we 
see that the integral surfaces are generated by the curves of this complex 
associated according to a suitable law. The name characteristic curves is self- 
explanatory, since they are the curyes of contact of the complete integral with 
its envelope. 

The characteristic developable surfaces also appear in a natural manner. 
Let us consider a characteristic curve corresponding to the values ao, by, ¢, of 
the parametérs a, b, c. All the integral surfaces obtained by means of func- 
tions ¢, such that we have bh = ¢(a)), Cy = ¢(@)), pass through this curve and 
are tangent to each other along this entire curve, for the values of p and g, which 
for any point of an integral surface are given by the relations 


(93) —+p—=0 +9 


are the same for all these surfaces. It is therefore natural to associate with 
each characteristic curve a characteristic developable surface passing through 
this curve. The four equations (92) and (93) enable us to express four of the 
variables 2, y, z, p, g in terms of one of them and of the three arbitrary con- 
stants a, b, c. In order to prove the identity of the forms thus defined with 
those of the characteristic strips deduced from Cauchy’s method, let us suppose 


that the complete integral is represented by an equation of the form 
z= (a, y, a, b). 


. 


The equations (92) and (93) then become 


om 0h 
(94) z= (2, y, a, b), nea Cae) 
62 _ 6 
a, Pim bes Qe Oy 


The relations (94) and (95) enable us to express the five variables (2, y, 2, p, 7) 
in terms of one of them (a, for example) and of the three arbitrary constants 
a, b, c. The proof reduces to showing that these functions satisfy the differen- 
tial equations (64). Since the function (2, y, a, b) is a complete integral of 
the equation F = 0, we have already between these functions the two relations 


(96) F(a, Ys 21 Ps 7) = 9} dz = pdx + ady. 
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On the other hand, we deduce from the second equation of (94) 


orm orm (F ) 
97 c dx +¢ dy = 0. 
(97) (= * aa) s 6a oy ob dy 


Now if we differentiate with respect to the constants a and } the identity 


ob of 
P(e, 4,8, ,— )=o, 
ox 


oy 
we find F { 
é 2. 
o® +P o7@ 6 = 0, 
oa Oa OL oa oy 
o® ob adh 
ar ie 0; 


and consequently, by eliminating Z, we have 


O27 2m O27 og 
98 P Cc ) = 
ve) (= Ox a ob a) ue (= oy i ob oy 


A comparison of the two relations (97) and (98) shows that we have dr/P=dy/Q. 
The remaining equations of (64) are established as in ant by comparing the 
relations 


2 26 26 
pee deel os dyt | nda ede 
ox? Ox OY ox GY = 
which are deduced from the equations (95), with the relations 
o® orm 
AXA+Z EB 
a ba 5 oe +055 = ms 
viele 
XG we jm 
oP by Lis on Oy at oe 0, 
which in turn are obtained by differentiating the foe 
od 0® 
F(z, y¥, &, —> =)= 
ox «oy 


with respect to the variables « and y. 


Note. The theory of the complete integral applies to linear equations as well 
as to the non-linear equations. It seems at first sight, on the contrary, that 
Cauchy’s method is altogether different for linear equations and for non-linear 
equations. In fact, the characteristic curves of a linear equation, or of an 
equation which separates into several linear equations, form a congruence and 
not a complex. But if we associate with each’ characteristic curve a charac- 
teristic developable surface, the paradox disappears. Each characteristic curve 
belongs, in fact, to an infinite number of characteristic developable surfaces 
which depend upon an arbitrary constant, so that this family of characteristic 
strips does depend upon three arbitrary constants. Let us consider, for example, 
the equation of the cones px + qy—z=0. The equation z = ax + by represents 
a complete integral formed by all planes P through the origin. The character- 
istic curves are the straight lines passing through the origin, and the character- 
istic developable surfaces are the planes P themselves. We shall therefore 
obtain a characteristic strip by associating with a straight line through the 
origin a plane through that straight line; this set actually depends upon three 
arbitrary constants. 
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3 
87. Extension of Cauchy’s method. Cauchy’s method can be extended 
without difficulty to an equation in any number of independent 
variables, 


0 
(99) Fu, Tay ***y Ey 2%) yy Pay +>) Pn) = 9. ( 2) 


Let z= O(2,, x, +++, #,) be any integral of the equation (99); we 
shall designate as an element of this integral the set which consists 
of a system of particular values 2}, 23, ---, 2° of the independent 
variables, together with the corresponding values 2°, p?,---, p® of 
the function ® and its partial derivatives. Let us suppose that an 
element of the integral, starting with certain initial values x, 2°, p?, 
varies so as always to satisfy the differential equations 


(100) Fi St. Sy 
: 1 2 n 
where, as in § 83, 
ems 
pi ay «Op, Oz 


It is clear that these equations determine completely a family of 
curves (or one-dimensional manifolds) on each integral. For if z is 
known as a function of z,, x,,---, Z,, the same thing is true of the 
partial derivatives p;, and consequently of the functions P,;. These 
relations (100) form, therefore, a system of (n — 1) differential equa- 
tions of the first order between the n variables (x,, 7,,--+, x,). By 
the theory of differential equations, through each point of the inte- 
gral surface there passes in general one and only one of these mani- 
folds. If to each point (#,, ,,-+-, %y) %) of one of these manifolds 
we associate the corresponding values of p,, p,,-++; Pray we have a 
simply infinite sequence of elements, which we may again call a char- 
acteristic strip. We shall show that, without knowing the expression 
for the function z, we can adjoin to the relations (100) other differ- 
ential equations enabling us to define completely the variation of 
the variables 2;, z, p, along a characteristic curve. 

Let us start from an element of the integral (a?, 2°, p?), and let us 
consider the characteristic strip through this element. Along this 
characteristic strip the variables x,, 2, p, are functions of a single 
independent variable satisfying the relation F = 0, whose differen- © 
tials satisfy the equations (100) and also the relations 


dz = pda, +... + p,dLp_; dp; = 142, ap 000 + Pin Ins 


Ox : 
Pa Fata," (G=12 050) 
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which result from the definition. Differentiating the relation F = 0 
with respect to the variable a,, we find 


X,+p:2 + Pipi t:++ t+ Parvin = 9. 


Indicating by du the common value of the quotients (100), and 
replacing P; in the preceding relation by dz,/du, we find 


(X,; + p;,Z) du + pi, da + +++ pn de, = 9, 


This shows us that the elements of an integral satisfy, along the 
entire length of a characteristic strip, the system of differential 
equations, 


(101) Cie Oe eee (4,4 =1, 2,---,n) 


These equations do not depend upon the function ®; hence we 
can determine the successive elements of a characteristic strip, pro- 
- vided that we know a single element (x?, 2°, pt). We conclude from 
this, just as before (§ 85), that if two integrals have a common ele- 
ment, they have in common all the elements of the characteristic 
strip through that element. 

If, as we shall assume, the denominators of the equations (101) 
remain finite and are not all zero for the initiai values, we derive 
from these equations 
(102) Pr = Pe (u, a}, 2°, Pr); 

ioe ¥(u, x}, zx, Pr)s 


| x; =f; (u, xe, 2, Ph)s 


where 2°, 2°, p? denote the initial values corresponding to the initial 
value « = 0 of the auxiliary variable uw, and where the functions f,, 
¢,, w are continuous differentiable functions of w and of the initial 
values, at least within certain limits. 

Since each integral is a locus of characteristic curves, it is clear 
that every integral will be represented by the equations (102), where 
x?, 2°, pg must be functions of » —1 independent variables, so that 
these equations represent, in fact, a manifold of m dimensions. But 
in addition these 27 +1 functions 2;, z, p, of n independent vari- 
ables must satisfy the relations 


(103) { F(x, &, Pr) = F(@,, S95), Xry z5 Py Ks “> Pn) = 0, 
dz — pda, — p,dx,—-+++—p,dax, = 0. 
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Since the differential equations (101) have the integrable combina- 
tion dF = 0, the first of the relations of (103) will surely be satisfied 
if F(a?, 2°, pt)= 0. On the other hand, we also have from the equa- 
tions (101) 

dz dx, dx, 


Paed ia, een ees he 


Since the initial values 2?, 2°, p? are functions of n — 1 independ- 
ent variables v,, v,,---, U,_1, we must also have 


U=& — p, 6%, — oe ee — p,6&,, = 0, 


where the letter § denotes the differentials corresponding to arbitrary 
increments év,,---, 6v,_, of these variables. By proceeding as in 
the case for n = 2, we have necessarily 


dU = d&z — p,ddx, —.---—p,dbxu,, — dp, 8x, —...—dp,8x,, 
dz = pda, Suae + p,d&,, 
Sdz = p,8dz,+---+p,8dzx, + dp.dx,+---+8p,dz,, 


,and, since we may interchange the order of the operations d and 4, 
C= 8p;dx;, — dp;8x,} 
> 
=) P.8p; + (X: + pZ) 8x; du. 
—- 
Since z, 2;, p, satisfy the equation F = 0, we have 


ya (P;8p; + X;8x,) = — Zbz 


and, consequently, 
dU =— ZU du. 


From this we find the following expression for U: 


“Zdu 


(Uf = (0h ee 
In order that U shall be zero, it is necessary and sufficient that U, be 
zero, that is, that we have 
82° — p? bao — ..- — p x) = 0. 


To sum up, in order that the equations (102) represent an integral, 
it is necessary and sufficient that the initial values (a, 2°, ph) be 
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functions of n—1 independent variables satisfying identically the 
conditions ; 


(104) F(a}, -, Ph) = 0, 
(105) 82° — 98x? — p2809 —--- — p28r2 = 0. 


Every system of 2n+1 functions (2?, 2°, pt) of m —1 variables 
satisfying these conditions defines an (n — 1)-dimensional manifold 
of elements. Again, we may say that every integral of the equation 
F = 0 is generated by the characteristic curves through the different 
elements of a manifold of this kind. 

In particular, to obtain Cauchy’s integral, which for x, = «} reduces 
to a given function @(#,,---, a,), if we take a}, #3,---, 2, for inde- 
pendent variables (x? being supposed constant), the relation (105) 
gives the values of 2°, p$,---, p®, 


6® 0® 
P= O(h,--- 28), PIS Far + P= Ee 


The value of p? can be obtained from the relation (104). If P? is not 
zero (as we must assume in order to apply the general existence 
theorem of I, § 194, 2d ed.; § 188, 1st ed.), p? will be an analytic 
function of x$,---, #? in a certain region, and the equations (102) 
will give, for z, x;, p,, analytic functions of w, #f,---, 28. Moreover, 
the Jacobian Diemer 

D(u, 2, +++, #8) 


is not zero, for it reduces to P} for «w= 0. Hence we can solve the 
first mn equations (102) for w, #},.--, 2°, and, putting these expres- 
sions in the last of the equations (102), we obtain for z an analytic 
function of the variables x,, #,,---, x,. 

Note. It may happen that the application of the preceding general rule does 
not lead to an integral. For example, it might turn out that the manifold of 
elements defined by the equations (102) does not really depend upon n arbitrary 
parameters. This is what would happen if the manifold formed by the elements 
(z?, 7 PR) were composed of characteristic strips; in this case, in fact, the 
manifold defined by the equations (102) would coincide with the manifold of 
the elements (a?, 2°, po). 

Disregarding this case, it may also happen that the elimination of the param- 
eters u, V,, +++, Un—1 from the equations (102) leads to several distinct relations 
between the variables @,,---, @,, 2. In order not to reject such solutions, we 
agree with Sophus Lie to enlarge the definition of the integral and to designate 


as an integral of the equation F = 0 every system of o” elements (aj, z, Pr) Sat- 
isfying the relations 


(106) F(a, zy Px) = 0, dz = p,dz, + +++ + DndZp. 
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IV. SIMULTANEOUS*EQUATIONS* 


88. Linear homogeneous systems. Let us consider a system of 
q linear homogeneous equations in one unknown, f, 


( = of of 3 
xX “= ha, Cia. 
iS) “a Ox, Vag x, =F + a4 OX» 0, 
é = of of 2 
(107) WS) = % Gc, * "2 Be, aceon nary - 0, 


fe, 


KA)= tag SE + tag Eto + yg AE = 0, 
a 2 : be 


where the coefficients a, are functions of the n independent variables 
#,, ©, +++, x, and do not contain the unknown function f. The ¢ 
equations (107) are said to be independent if there does not exist 
any identical relation of the form 


EPS GB aa A,X f)= 0, 


where A,, A,,---, A, are functions of x, #,,--+, x, not all zero. It is 
clear that every system of g equations that are not independent can 
be replaced by a system of g' independent equations (¢'< q) equiva- 
lent to the first, and that no system can contain more than n inde- 
pendent equations. 

We can therefore always suppose the g equations (107) inde- 
pendent and g =n. 

If g = n, and if the equations (107) are independent, the deter- 
minant of the coefficients a, is not zero, and these equations have 
no other common integral than the trivial solution f= C, which we 
shall hereafter discard. If q is less than n, we can always find the 
integrals common to the equations (107) by successive integrations. 
In fact, let us suppose that we have integrated one of these equa- 
tions (the first, for example), and let y,, y,,+--+, Ya_1 be a system of 
nm — 1 independent integrals. Again, let y, be another function such 
that the Jacobian D(y,, ¥,, +++) Yn)/D(@y +++) L,) iS not zero. 
Then we may take y,, y,,---+, y, for new independent variables, and 
the equation X,(f)= 0 becomes é@f/dy, = 0 by this change of vari- 
ables, while the equation X,(/) = 0 (i >1) is replaced by an equation 


* We shall limit ourselves to an indication of the principal methods in their essen- 
tial features. For further details the reader is referred to E. Goursat, Sur Vinté- 
gration des équations aux dérivées partielles du premier ordre (Paris, Hermann 


et fils, 1892). 
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of the same form, in which the term in @f/éy, may be suppressed. 
This new equation may be written in the form 


of of 
Y;(f) Hy Me Le ? 
where the coefficients ,,; are functions of y,, y,,--+, ¥,. If we sup- 


pose the coefficients 4,; arranged according to powers of y,, this 
equation can be written in the form 


Tipe tas Of 
vA) =(euege spice Cg ao) 


, of / of 2 
aia n( Cage Fe A as yal ae y2(-++), 
where the coefficients c,,;, cj;,:-- are independent of y,. Since the 


unknown function f must be independent of y,, this function must 
satisfy all the linear equations which are obtained by equating to 
zero all the coefficients of the different powers of y,. Suppose that 
we proceed in this way with all the equations X,(f)=0(i>1). If 
the system formed by all the independent equations which we thus 
obtain contains n — 1 equations, the only solution is f= C. If not, 
the system will be composed of r linear independent equations 
(r<n—1). We may operate in the same way on an equation of the 
new system, and so on in the same manner. Since at each operation 
the number of independent variables is diminished by unity, it is 
easy to see that the given system has no other integral than f= C, 
or else it reduces to a system composed of a single linear equation. 

This method, which may be easily applied in certain cases, is 
evidently very imperfect from a theoretical point of view, since it 
does not enable us to determine a priori whether the equations 
(107) have common integrals other than f= C. We shall now show 
that this question can be settled without any integrations. 

Let f be an integral common to the equations (107). This func- 
tion satisfies the two relations X;(f/) = 0, X,(f) = 0, where i and & 
are any two of the indices 1, 2,---, g. We also have 


X;[X(F)] = X.(0) = 9, X,[Xi(P)] = X. (0) = 9, 
and, consequently, 
XX. )]-— VL) ]= 0. 
We have already observed that this new equation contains only deriva- 
tives of the first order (§ 36), and that it may be written in the form 


SCRA] — MALS] = Be On) — Hal = 0 
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Suppose that we form all the equatiOns, similar to the preceding, 
obtained by combining any two of the given equations. These equa- 
tions have all the integrals of the system (107). Let us indicate by 


Xpii(f) = 9, Xyio(S) = 9, pe X743(f) =9 
all those of these new equations which are independent of each 
other and which form with the equations (107) a system 


X,(f) = 9, eee) X,(f) = 9, 

Sa oe 0, hak Xq+s(f) = 0 
of independent equations. If g +s =n, the system (108), and con- 
sequently the system (107), has only the solution f=C. Ifg+s <n, 
we repeat on the system (108) the operations performed on the first 
system, and so on in the same manner. Continuing in this fashion, 
we finally obtain either a system of m independent equations, in 
which case the system (107) will have only the solution f= C, or 
else a system of r independent equations (r < ~) such that all the 
combinations X,[X,(f)]— X,[X,;(f)] are linear combinations of 
X,(f), +++, X,(f). Such a system has been called by Clebsch a 

complete system. 

It follows, then, that the search for the integrals of a system of 
the form (107) leads to the integration of a complete system. 

Since it is clear that every system of m linear independent equa- 
tions is a complete system, we may say that every linear system 
reduces to a complete system. 


89. Complete systems. The theory of complete systems rests upon 
the following properties : 


1) Every complete system is transformed into a complete system 
by any change of variables. 


Let x; = $;(Yy» Yo) atta 5 Yn) (a = il, 2, sey n) 


be the formule that define a change of variables such that we can 
express also the variables y,, y,,---, Y, in terms of the variables 
yy Tyy***y L,. By means of such a transformation every symbol of 
the type 0 fs F) if 
BO) Eee one 

where @,, @,,+++, @, are functions of #,, #,,-+-, %; changes into an 
expression of the same form, Y(f)=4, Of/ey,+--- a b,, OF/0Yn; 
where 4, b,,-++, 6, are functions of y,,---, Yn. We have identically 


1? 2? 


Ki fy= YP); where the letter f on the left-hand side denotes any 
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function of «,, x,,-++, %,, and on the right-hand side the same func- 
tion expressed in terms of the variables y,, Ya) *+ +) Yn: 

Now let 

(109) AAG = 8 a ee 
be a complete system. By means of such a transformation this 
system goes over into the system 


(110) Y,(f) = 9, ap Fe YAS) = 9, 
where X,(f)= Y,(f) identically, with the understanding just men- 
tioned concerning the interpretation of f on the two sides. This new 
system is also a complete system. For, since we have identically 


X()=VSP) Xe N= XC) 
for any function f, we also have 
X[XS)] = ViLS)] = VL P)I, 
XA) = LX) = LN) 
and, consequently, 
X{X)] - GLA] = FG) -— YL )I:- 
Since by hypothesis the system (109) is complete, we have for any 
two indices 7 and k& 
ALAS) — Xe] = WA) + ++ + AX (F). 


Hence, after the transformation, we have 


YIM) I—- VLYAI=MNGA)+--- +470), 
where \j, ---, A, indicate the results obtained by replacing 2,, x,, +++, 
x, in d,,+-+-, A, by their expressions in terms of y,,---, y,. The new 
system is therefore a complete system. 


2) Every system equivalent to a complete system is also a complete 
system. 


A system of r linear homogeneous equations in @f/éz;, 
(109') Z(f)= 9, a ek Z,(f) = 9, 


is said to be equivalent to the system (109) if we have r identities 
of the form 


w 
2,(f)= Ay X(f)+ Ay,Xo(f) ats Aa et) (A =1, 2,--., r) 
where the coefficients 4, are functions of X,,%,,++-+ 2, whose deter- 
minant 1s not zero. In that case we can express X,(f),++-, X,(f) 
linearly in terms of Z,(f), +++, Z,(f), and the name equivalent 
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systems is self-explanatory. The difference Z 2S] —2.12.())] 
can now be written in the form 


r 


>> eX [> Ak /| = >A S, & eo A,X) | ; 


it 


hence it is equal to a sum of terms of the form 


A,:A xs XxX, [XiS)] = X[X,(S)] : i A,,X,(A te) Xf) = AyX (Aji) X,(f). 
If the system (109) is complete, this difference will therefore be a 
linear function of X;(f),---, X,(f), since all the differences 


%(2Y)]—- 1Pa)] 
are, by hypothesis, linear functions of X,(f),---,X,(f). Since the 
two systems (109) and (109') are equivalent, all the differences 


Z[2,(1))— 4: 14:(7)] 
can be expressed linearly in terms of Z,(f), Z,(/), +++, Z,(f). 

It is clear that every complete system can be replaced by an 
equivalent.system in an infinite number of ways. We say that the 
complete system (109) is a Jacobian system if all the expressions 
X;[X,(f)] — X,[4,(f)] are identically zero. We shall now show 
that every complete system is equivalent to a Jacobian system. 

Since the 7 equations (109) are independent by hypothesis, we 
can solve them for r of the derivatives of f, for example, for the 
derivatives 0f/éx,,---, f/0x,. Since the system thus obtained, 


ee on Cig 
Z,A)= ge + nga boo + Bane gee =O 
Beh of Ae 
(111) {A= get nde F111 t aane gy =O 
af, laf af 
ZAI) = a AS mae aa Nn Py Eres a é 


is equivalent to the system (109), it also is a complete system. Now 
if we form the expressions Z;[Z,(f/)] — 2,[2;:(/)], it is clear that 
only the derivatives @f/0x,,,,-+-, @f/ex, will appear, and conse- 
quently the new equations 7,[7,(f)]— 2,[2:(f)]=9 can be 
linear combinations of the equations (111) only if the left-hand sides 
of these new equations are identically zero. The system (111) is 
therefore a Jacobian system. 

The reasoning proves that every complete system of the special 
form (111) is a Jacobian system, but it is clear that a Jacobian sys- 
tem is not necessarily of that form. 
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3) Every complete system of r equations in n independent variables 
can be reduced by the integration of one “of the equations of the system 
to a complete system of r — 1 equations in n — 1 independent variables. 


Suppose that we have integrated one of the equations of the sys- 
tem, for example, the equation X,(f) = 0, and that we choose a new 
system of independent variables (y,, y,,--+, Yn), a8 in the preceding 
paragraph, in such a way that y,, y,,---, Y, are m —1 integrals of 
X,(f)= 0. The system (109) is replaced by a new complete system 
in which the first equation reduces to éf/éy, = 0. Solving the r—1 
remaining equations for the r — 1 derivatives éf/éy,, ---, 6f/ey,, for 
example, we obtain a complete system, 


ee 
Vie isi ’ ; 
of of of = 
(112) "VS OY, e 2 OY, 41 eM ae CY, °, 
of of of 
ye = 7 -+ ¢, CTL + 6) = ee 
) oy, , OY, 41 ; OY, 


which is of the special form (111) and which is therefore a Jacobian 


system. Now we have 
0c; of ec; 2—f of 
Hae Che i CE ao re nee 
eae CY, Yn 


and since this expression must be identically zero, we see that the 
coefficients ¢,, of the new system are independent of the variable y,. 
Moreover, for 1 >1, k >1 we have identically 


Yi0¥.(f)] as ¥L¥:(f)] = 0; 


consequently the 7 — 1 equations 


(113) ¥,(f)= 9, Y,(f) = 9, Sr Y,(f)= 0 
form a Jacobian system of r—1 equations in n —1 independent 
variables ¥,, Ys) ***) Yay Which establishes the proposition. 

The system (113) can in turn be reduced to a complete system of 
7 — 2 equations in m — 2 independent variables, and so on in this 
way. Continuing in this manner, we finally reduce the given com- 
plete system to one linear equation in n — 7 +1 independent vari- 
ables. We conclude from this that every complete system of r equations 
in n independent variables has n — r independent integrals, and the 
general integral of the system is an arbitrary function of these n—r 
particular integrals. 


> 
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The preceding reasoning shows also what are the integrations to 
be carried out in order to obtain these integrals. Moreover, it is clear 
that this method can be applied in a variety of ways. We may, in fact, 
replace the given complete system by any other equivalent system, 

ard begin by integrating any one of the equations of this new sys- 
tem. For example, if we replace the complete system by a Jacobian 
system of the form (111), we know at once r — 1 particular integrals 
@,,+++, x, of the equation Z,(f) = 0, and it is sufficient to integrate 
a system of mn —~, ordinary differential equations in order to have 
the general integral. For complete details of other methods of inte- 
gration of complete systems, the reader is referred to special treatises. 


Example. Let it be required to integrate the system 


é 6 0 
Xf) = a (%y + L, —82,) oA 4 (tg + 2%, + 2,2,) “7 =0, 
(114) oe Ong Oat 
of of of 
Ap (if) a8 + (%%, — *2) on, + (22,24 + Lo — m1) = 0. 


Forming the combination 4,[X,(/)]— X,[4,(f)], we are led to add to the 
given equations a new equation éf/ér, + x, 0f/0xr, = 0, and_the system of three 
equations thus obtained is nee to the system 
of of of of of 

15) a (Geet Ste —+2,—=0 —+%,—= 

( as + Gat aes °, oe, + 7 on, on ‘ 
which is a Jacobian system. The system (114) has therefore only one independ- 
ent integral. The general integral of the last equation of this system is an arbi- 
trary function of #,, 2, and 2,—2,a,, If we take for independent variables 
L1, Ly, Lz, and u= 2, —7,2,, every function f(x,, 22, Zz, Z,) changes into a 
corresponding function ¢ (,, £2, £3, u), and the system (115) is replaced by the 
system 


(116) — +8 =0 << 42,255 
OL 


The first two equations of (116) form a new Jacobian system of two equations in 
three independent variables z,, 7,, u. The general integral of the second is an 
arbitrary function of z, and of u — 23/2. 

Let us now take for independent variables z,, 2, and u — x2/2=. Every 
function ¢(21, Z,, u) changes into a corresponding function y(«,,'%,, v), and 
the first two equations of (116) become 

WY pent ao, =o. 
oa, ov 0X, 
The general integral of the first is an arbitrary function of v — x3, and, conse- 
quently, returning to the original variables, we see that the general integral of 
the system (114) is an arbitrary function of 
2 
es : 
L, — 2,2, —— — 7}. 
4 hl a 1 
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90. Generalization of the theory of the complete integrals. Let us 
consider an equation 

(117) V(x, Voy 2%) Ly, B53 Ay, Uy," *5 An —r41) =0 
defining a function z of the m independent variables z,, x,,-++, Xp, 
which depends also upon (n —r +1) arbitrary parameters a,, a,, 

-+, G,—y41- If we suppose that definite values have been assigned 
to these parameters, and if we eliminate them from the relation 
(117) and the relations obtained by successive differentiations, 


(118) Panes ae = 0, Yee G=1, 2,-++, n) 


we obtain in general only r independent relations between z, z,,---, 
Tay Py cy Pn) 
(119) F(@,) +++) Ens 2, Dy ** +> Pa) = 9, F, = 0, can gel F, = 0. 


Limiting ourselves to this case, which is the general case, we shall 
say, as above (§ 82), that the function z defined by the relation (117) 
is a complete integral of the system of partial differential equations 
(119). We shall show that, in this case also, the knowledge of a 
complete integral of the system (119) enables us to find all other 
integrals. In fact, since the equations (119) arise from the elimina- 
tion of a,, @,++-+, @_,4, between the equations (117) and (118), 
finding an integral common to these r equations (119) reduces to 
finding a system of functions z, a,,---, @,_,41 of the variables z,, 
%,°+*, €, Satisfying the equations (117) and (118). It is obvious 
that we can replace the system of equations (117) and (118) by the 
system consisting of the equation (117) and the equation 

0 OV OV 


(120) ‘ da, +5 da, + +++-+ 
¢ 


A ba, da,—r+1=0, 


O0y—r 41 
which is obtained by differentiating the equation (117) and making 
use of the equations (118). We can satisfy the equations (117) and 
(120) in a variety of ways: 

1) By supposing that a,, a,,---,@,_,,, are constants, which gives 
precisely the complete integral. 

2) By putting 


V=0, ove eV 


—=0 Sache —— =0 
p) ’ 

oa, C0. acy 

The elimination of a,, a,,---, a@,_,4,, from these equations, if it is 

possible, furnishes an integral which does not contain any arbitrary 

constant, and which we shall call, as before, a’ singular integral. 
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3) If all the coefficients ¢V/éa,; are not zero simultaneously, there 
exists at least one relation between the unknown functions On Gay 
-*, G41 Of the variables a, (I, § 55, 2d ed.; § 28, 1st ed.). 
Suppose that there exist k and only & independent relations between 
these functions, 


(121) ACP G,—r4i1)= 9, HH) Si (yp Ey) OO) Cay) = 0: 
Since the relation (120) must be a consequence of the relations 
df, = 0(¢=1, 2,---, k), there exist & coefficients X,, A,,---, A, such 
that we have identically 


ev av 
3a, 2% + Shiga Wacrta = Oh be LA, 


n—r+l 


This relation is equivalent to nm — r +1 distinct relations, 


(122) en eee ee 


The elimination of @,, @,, +++, G—»41) Ay Ago * ++) Ay from the equations 
(117), (121), and (122) will lead, in general, to a single relation 
between 2,, 7,,---, x,, and z, that is, to an integral common to the 
equations (119), which depends upon the arbitrary functions chosen. 
The set of integrals thus obtained, by making the number k vary 
from 1 to n —7, and by taking the functions f,, f,,---, #, arbitra- 
rily, constitutes the general integral of the system (119). It will 
be observed that the complete integral will be obtained by supposing 
k=n—r-+l1. 

If r=1, the system (119) reduces to a single equation. Con- 
versely, given any equation of the first-order F(a,, 2; p,)= 0, it 
follows from the general existence theorems that it always has an 
infinite number of integrals which depend upon as many arbitrary 
parameters as we wish, and consequently an infinite number of com- 
plete integrals. The preceding method, which is a direct generaliza- 
tion of that of § 82, enables us to find all the other integrals of the 
equation F = 0 when we know one complete integral. 

If r >1, the system (119) is not the most general of its kind, for 
a system of 7 equations of the first order with a single dependent 
variable does not necessarily have any integrals. We shall show in 
the following paragraphs how to determine whether such a system 
is consistent, and how to find the integrals when they exist. 
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91. Involutory systems. Let r 
(123) F(a, ayes *> Uns Py, Poy °* ') Pn) = 0, F,=0, -+, F,=0 


be a system of r independent partial differential equations of the 
first order, not containing the dependent variable z. The general 
case can always be reduced to this particular case by the device 
used in §75. The problem of finding an integral common to the r 
equations (123) is equivalent to the following problem: To find n 
functions p;= $;(#,, +++, @,) satisfying the relations (123) and the 
conditions Op,/0x, = Op,/ex;. 

If we know a system of n functions ¢;(x,,---, x,) satisfying these 
conditions, we can derive from them, by quadratures, an integral of 
the equations (123) which depends upon an arbitrary constant. 

Let F and H be any two functions of the 2n variables z,, p,. 
Using the notation (see § 81) 


= 0H 0H = 


(* = o p> Op; Ox; Op; Ox; 


t=1 
we shall call the expression (F, H) a Poisson parenthesis. We now 
have the following theorem: Jf the two equations F = 0, H = 0 have 
a common integral, that integral also satisfies the equation (F, H)= 0. 
For let us suppose that p,, p,,---, p, are functions of the n vari- 
ables x,,---, x, satisfying the two equations F = 0, H= 0 and the 
conditions 0p,/0x, = Op,/éx,. Differentiating the relation F = 0 with 
respect to x,;, we find 


Multiplying this equation by @H/ép; and adding all the similar 
resulting equations, we find 


Permuting the letters F and H and observing that we may permute 
the indices 7 and & in the double sum, we have also 


Subtracting the two results term by term, it follows that 


wi OF OH (Op, @ 
(124 F, H)+ een ee 
) Cr, > >> Op, Op; \Oa, Ox, 


+ 
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If p,,--+, p, are the partial derivatives of the same function, we 

have, for any two indices ¢ and k, 6p,/dx, = @p,/0x; and, consequently, 

(F, H)=0. 

This theorem contains as a particular case the one which was 
proved above (§ 88) for linear homogeneous equations in p,,--+, pa, 
and its logical consequences are also analogous to those of § 88. For 
every integral of the equations (123) is also an integral of all the 
equations (F,, Fg)= 0 which can be formed from pairs of the equa- 
tions (123). Hence we can adjoin to the given system all of these new 
equations which form with the original equations a system of inde- 
pendent equations. Continuing in this way, we must finally obtain 
either a system of independent equations whose number exceeds n, 
in which case the system has no integral in general, or else a system 
of m equations (m S n) such that all the equations (F,, Fs) = 0 are 
satisfied identically or are algebraic consequences of the preceding. 

Such systems are similar to complete systems. It is always possi- 
ble either to show that the given equations are inconsistent or to 
reduce them to a system for which all the parentheses (Fu, Fg) are 
identically zero. In fact, let us suppose that we have solved the r 
equations (123) for r of the variables p,,---, p,, which must always 
be possible, for otherwise the elimination of p,,---, », from these r 
equations would lead to a relation between the variables 2,,---, 2p, 
and the given system would evidently be inconsistent. Let 


(125) p, —F,Prass °°) Pad Cp - ty MH)=O, +) D — FC =O 
be the equivalent system thus obtained. The parenthesis 


(Pa — fas Pp — Fp) 


does not contain any of the variables p,,---, p,; hence the equations 
obtained by equating these parentheses to zero cannot be conse- 
quences of the first, and they furnish new equations if the paren- 
theses are not identically zero. Solving these new equations for 
certain of the quantities p,,,,-+-+,~,, and continuing in the same 
way, we finally either demonstrate the impossibility of the problem 
or else obtain a system of m equations of the first order (m S n), 


(126) F,= 0, sues Ka 0, 
such that all the parentheses (F,, F,) are identically zero. 

Such systems, which are similar to the linear Jacobian systems, 
are called involutory systems. It follows from what precedes that 


the search for the common integrals of a system of equations of the 
first order reduces to the integration of an involutory system. 
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This integration is immediate if m =,n, as the following proposi- 
tion shows: Let F,, F',,-++, F, be functions of the 2n variables x;, 
Pp, such that all the parentheses (F,, Fg) are identically zero, and 
such that the Jacobian A = D(F,, +++, Fy)/D (Py +++) Pn) 18 not Zero. 
If we solve the n equations 

(127) F,=4,, F, = 4, seey F,=4,; 

Where ay, Ay, *+ +) 4, are any constants, for P,, Por***s Puy the expres- 
sion p,da,+-+--+p,dx, is an exact differential for the resulting 


values of the p’s. 


For we have 
(Ope — Ay, F, — pg) = (Fas Fs) ==i() 


and, by what precedes, these n functions p,, p,,---+, p, of the n varia- 
bles x,, #,, +--+, %, defined by the m equations (127) must satisfy all the 
relations 


tk OF, OF OD; Op; = ei 
2 2s Fe a (a, B=1, 2, ---, 2) 


t 


Let us take all the nm relations of this kind in which the index B 
retains the same value. These relations can be written in the form 


S Bee > au GS ites, 
rem CY Op, \ ex; Cnty, 


If we take for unknowns the m expressions 


ash 2} be ES : = a 
> Op, i oa (¢=1, 2, » %) 


the determinant of the coefficients of these unknowns is precisely 
the determinant A, which, by hypothesis, does not vanish identically. 
It follows that we have, for any two indices i and £, 


1 Op, \ 0m, Oe, ° 
Similarly, taking the m equations of this kind in which the index 7 
has a definite value, we evidently have @p;/éx, = Op,/ex,, which 


proves the proposition. 
The function 


GS O(a, ya Ory ts On+1) 


128 
( ) =f (ride to Dad) + Ona 


where a,,, is a new arbitrary constant, represents the complete 
integral of the involutory system (127). If we regard the 7 con- 
stants @,, @,++-, a, as having definite values, while the constants 
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F 
G41) ***, 4, Temain arbitrary, the formula (128) represents a 


complete integral of the involutory system formed from the first r 
equations of (127). This is a true complete integral, for, from the 
way in which we have obtained the function 4, the equations 


_é@ _ oe 

PL Oz,’ , Pn = On, 
form a system equivalent to the system (127), and the only inde- 
pendent relations not containing a,,,,---, a, which can be deduced 


from them are evidently the first 7 equations of this system. 


92. Jacobi’s method. Let us consider an involutory system of r 
equations (r < n), 


(129) Fitts Orca van OF ata “> Pa) Say 0 ap Ee; ome *» Pn) = 4,) 
where the constants a,,---, a, have definite values. To obtain a 
complete integral of this system, it is suffivient to adjoin to itn —r 
new functions F,,,,---, F,, such that the Jacobian 


n 


DF ob <6") 

DA Pity Pr») 

is not zero, and such that the new system 
(130) Fi, =ay)-+', F, = @,, Fn = Uaey cae ot F, = a, 


is itself involutory. Indeed, the complete integral of this system (130) 
will furnish, as we have just seen, a complete integral of the system 
(129). Ifr=1, this method is merely the extension of the method 
of Lagrange and Charpit to an equation in 7 variables. 

Jacobi’s method for solving this problem depends upon a noted 
identity due to Poisson. Let f, ¢, wy be any three functions of the 
2n variables x;, p,; then we have identically the relation 


(131) (4b) M+ Cb WS) + Gs Sf), )= 9. 

In fact, each term on the left-hand side is the product of a partial 
derivative of the second order and two partial derivatives of the 
first order. Hence, to show that it vanishes, it is sufficient to show 
that it does not contain any derivative of the second order of the 
function f, for example, since the three functions f, ¢, y appear in 
it symmetrically. The terms containing the second derivatives of f 
can arise only from ((f, 4), ¥) + (sf) = (HS) — (bs Wf). 
Observing that (¢, f) and (yp, f) are two linear homogeneous expres- 
sions in the derivatives of f, and setting 


($, f)=X(f); wA=VS), 
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the preceding expression can be written in the form 


¥[X(f)]-X(¥()]- 

Now we saw in § 88 that this expression does not contain any second 

derivatives of f. It follows that all the terms of the left-hand side 
of the equation (131) cancel each other in pairs. 

Finally, in order to integrate the involutory system (129), let us 

first try to find a function ® independent-of F,,---, F, satisfying 


r linear homogeneous partial differential equations of the first order, 
(132) (F, )=9, (F,, &) = 0, rey (F,, &) = 0. 
These r equations form a Jacobian system. For if we set 


‘ . X;(®) =(F;, ®), 
Poisson’s identity, 


((Fa, Fe), ®) + ((Fp, ©), Fa) +((®, Fa), Fs) = 9, 


Xa[Xp(®)] —Xp[X.(#)]= 9, 
since (Fz, Fz) = 9. 
Let F,,, be an integral of this Jacobian system which forms with 
F,,--++, F, a system of independent functions of p,,---, p,. We 
next proceed to form the new Jacobian system of 7 +1 equations, 


(Oi7F &)= 0, 5 aie (Faw 6)= 0, 


and to find an integral of this system which is independent of 
F.,--+-, #4, a8 functions of the p;; and we continue in the same 
way. Finally, when we have found an integral of the last Jacobian 


system, 


becomes 


(Fy ®)= 0, Pats) (Fi-» &)= 9, 


we can obtain a complete integral of the given system by a quadra- 
ture, as we have seen above. 


V. GENERALITIES ON THE EQUATIONS OF HIGHER ORDER 


93. Elimination of arbitrary functions. The study of partial differ- 
ential equations of the first order in a single dependent variable has 
led us to the following conclusions: 1) The integration of an equa- 
tion of this form reduces to the integration of a system of ordi- 
nary differential equations. 2) All the integrals of this equation are 
represented by one or more systems of equations in which appear 
explicitly one or more arbitrary functions and their derivatives. 

These properties are not extensible to the most general partial 
differential equations of order higher than the first. The problem 
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of the integration of such an equation cannot, in general, be reduced 
to the integration of a system of ordinary differential equations. 

We can easily generalize, however, the method of the elimination 
of arbitrary functions which leads to a partial differential equation 
of the first order (§§ 77 and 82), but the equations of higher order 
which we obtain in this way form only a very special class. 

Thus we have seen that the general integral of a linear equation 
in two independent variables Pp + Qy = R is obtained by associating 
the curves of a congruence according to an arbitrary law. Let us 
now consider a family of curves I that depends upon n + 1 arbitrary 
parameters @,, @,,-++, @,41, (w >1), 


(133) F(a, Ys % Ay **y Gy 41) ase 0, O(a, Ys %) Ayres On 41) = 0. 


If we establish n relations of arbitrary form between these n+ 1 
parameters, we obtain a family of curves I’ that depends upon only 
one parameter. These curves generate a surface S, and all these 
surfaces S satisfy, whatever may be the n relations established 
between the n + 1 parameters, a partial differential equation of the 
_nth order, which is called the partial differential equation of the 
family of surfaces S. To prove this, let us observe that instead of 
establishing relations between the +1 parameters a,, it amounts 
to the same thing to take for these parameters arbitrary functions 
a;(A) of an auxiliary variable A. The two equations (133) then define 
two implicit functions z=/f(«, y), \=9¢(a, y), and we have to 
prove that the function z= f(a, y) satisfies a partial differential 
equation of the mth order, independent of the form of the arbitrary 
functions a;(A). Differentiating the first of the equations (133) with 
respect to z and then with respect to y, we obtain the two relations 


CLG ae yee 
eu, a) as OG n 41 as )| Aira 

OF / a = 
an, ay(A)+:>- + a1 0)| A, = 9, 


from which we derive 


ar , oF 
Ny BY az 7 
Ur Naa Pa 

ee dz 


From the second of the equations (133) we derive, similarly, an 
expression for the quotient A,/A,, which is deduced from the pre- 
ceding by replacing in it F by &. Equating these two expressions, 
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we adjoin to the equations (133) a new equation containing 2, y, 2, 


Pr a) a.) tty) Angiy 
(134) W, (2, Ys % Py Jy Uy Uy * °° a, +1) = Q. 


Operating on this new equation as on the equation F = 0, we derive 
from it an expression for X/,/A’, which depends upon 2, y, 2, p, q, 7, 
s, t, @,)++*) M41 Equating this new expression to one of the expres- 
sions already obtained for this same quotient, we obtain a new 
relation containing the second derivatives of z, 


(135) V(x, Y, Py HT), 8; t, By, Uys On+1) = 0. 


After n similar operations we adjoin to the system (133) a system 
of n relations containing @,, @,, - 
of z up to those of the nth order. The elimination of a,, a,, +--+, @,44 
from these n + 2 equations will lead, in general, to one and only one 
equation between a, y, z, and the partial derivatives of z up to those 
of the mth order. This is the partial differential equation of the 
surfaces generated by the curves I. 


+) On41, L Y, %, and the derivatives 


Example 1. If the curves [ are the straight lines parallel to the zry-plane, 
the equations (133) are 
(a a (Oy Y = 4,2 + as. 


Applying the general method, let us suppose that a,, a,, a, are functions of a 
parameter \. From the two preceding equations we derive for the quotient 
x,,/N, the two values p/q and — a,, which leads to the relation p/g + a, = 0. 

Differentiating this last relation with respect to z and then with respect to 
y, and dividing the corresponding sides of the resulting equations, we find 


Equating this value of the quotient to the expression g/p already obtained, we 
find again the partial differential equation of the ruled surfaces which have the 
xy-plane for the directing plane (I, Ex. § 39, 2d ed.; § 24, Ist ed.), 


g?r — 2 pqs + p?t=0. 


Example 2. If the curves I are all possible straight lines, the equations (133) 
can be written in the form 


T=4,2%2 + a, Y= Az+ ay. 
Applying the general method, we derive from them successively 


Ny mq _@q-1l__ 4 
xn ap—-l asp as 


’ 
or 
a,p+a,q—1=0. 
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From this new equation we then derive 


Ay _ QS + ast a 


Ny, yr t+ ass ds 
or 
(A) ajr + 2a,da,8 + a2t=0. 
This last equation gives in turn 
Ay _ GPor +20, A,Pio + 3g a aithy 
-= =--, a= —— 
Az AYDgq + 24, As Py + A3P1, a out Oy" 
or, clearing of fractions, 
(B) Gi Dgq + 8A,A, Py, + 3.4, A3Py9 + AZ Pog = 0. 


Eliminating the quotient a,/a, from the relations (A) and (B), we obtain the 
partial differential equation of all ruled surfaces. We see that this equation 
contains only derivatives of the second and third orders. By its derivation 
we see that it states that at each point of the surface one of the asymptotic 
tangents has contact of the third order with the surface (I, § 2238, 2d ed.; 
§ 238, 1st ed.). 

Example 3, Let us consider the plane curves T represented by the two 


equations 
q Zi (Les @y,°**, Gn), Y = 441. 


Instead of applying the general method, let us suppose that a,, a,,---+, Gd, are 
functions of the last parameter a,41. The surface S generated by these curves 
T has for its equation 

: 2=F[2,% b1(Y))**+1 bnlu)]) 


where ¢,,---, ¢n are arbitrary functions of y. The elimination of these n func- 
tions from the preceding relation and the relations which give 0z/dw, 0%z/éx?, 
-++, 6"z/ea” leads to a partial differential equation of the nth order, 


-1 
a= = F(z, noe on ‘); 


136 — “ 
(136) a , 


ax gn} 


in which only derivatives with respect to 2 appear. 

Conversely, every partial differential equation of this type can be integrated 
as an ordinary differential equation containing a parameter. If z=f(z, y, C,, 
C,,+-+, Cn) is the general integral of such a differential equation, it will suffice 
to replace C,, C,,---, C, in it by arbitrary functions of y in order to have the 
general integral of the same equation, considered as a partial differential equa- 
tion in two independent variables « and y. 


The general integral of a partial differential equation of the first 
order, of any form, in two independent variables, is obtained by tak- 
ing the envelope of a two-parameter family of surfaces when we 
establish an arbitrary relation between these two parameters (§ 82). 
To generalize this result, let us consider a family of surfaces % 
which depends upon n + 1 parameters, 


(137) F(a, Y; % Gy Uap 0+ *y Ur 4i) = O- (n > 1) 
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If we establish » arbitrary relations between these n + 1 parame- 
ters, or, what amounts to the same thing, if we replace a,, @,,---, 
4,4, by arbitrary functions of an auxiliary variable A, we have a 
family of surfaces & which depends upon a single parameter. The 
envelope of this family of surfaces is a surface S which satisfies a 
partial differential equation of the nth order, independent of the 
form of the arbitrary functions a;(A). For we should obtain the 
equation of this surface by eliminating A+from the two equations 
(137) and (188) 

(138) a A) et Zeta) =O 

But these two equations may be considered as defining two func- 
tions z = f(a, y) and A = ¢(a, y) of the two variables x and y. The 
partial derivatives p and q are given by the two equations (I, § 41, 
2d ed.; § 25, 1st ed.) 


OF | OF OF OF 


Applying to this system (139) the method applied to the system 
(133), we can adjoin to it, step by step, n — 1 new relations between 
+) Qna1y , Y, %, and the partial derivatives of z of orders 
2, 3,---,n. The elimination of a,, @,,---, @ 4, from these n —1 
equations and the equations (137) and (139) will lead, in general, to 
a single relation independent of a,, a,,---, @4,, in which will 
appear a, y, 2, and the partial derivatives of z up to those of the 
nth order. 


Example. If the surface = is a plane, we find again the equation of the 
developable surfaces s? — rt = 0. If the surface = is a sphere with the constant 
radius R, the equations (137) and (189) become 


(140) { ( — a,)? + (y — a,)? + (2 — a3)? — BR? =0, 
oa +(@—a)p=0, y—a,+(@—4)9=0. 


Suppose that a,, a, a, are functions of a parameter A. Equating the values 
of the quotient \//X;, derived from the last two equations (140), we obtain the 
relation 


(141) (rt— s*) (z — ag)? + [(1+ p*) t+ (14+ @)r— 2 pqs] (z— a3) +14 p?+9?2=0. 


We shall obtain the desired equation by eliminating a1, a2, a3 from (140) and 
(141). From the first we derive z — a, = R/V1+4+ p?+ qg*, and, replacing z — a, 
by this value in (141), we obtain the partial differential equation of the tubular 
surfaces, 


32s fot — 8°) R24 [(1+p*)t+ (149?) r—2 pgs] RV 14 p24 q? 4+ (14+-p2+q2)2=0. 
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The geometric meaning of this equation is easily verified. It states that 
one of the principal radii of curvature of the surface is equal to R (I, § 242, 
2d ed. ; § 241, 1st ed.). 


Note, Given a function of several variables which depends upon 
one or more arbitrary functions, it is not always possible, as in the 
two cases which have just been examined, to deduce from them 
one and only one relation, independent of the form of the arbitrary 
functions, between the independent variables, the function ¢ and 
its partial derivatives up to a given order. Let us consider, for 
example, a function z= F(a, y, X, Y), where F is a given func- 
tion of the four arguments which appear in it, and where X and 
Y are arbitrary functions of the variables x and y respectively. The 
five derivatives p, g, 7, s, ¢ of the first and second orders depend 
upon X, X', X", Y, Y', Y", and it is in general impossible to elimi- 
nate these six quantities from the six equations. But if we continue 
up to derivatives of the third order, we have, in all, ten relations 
containing eight arbitrary quantities, X, X', X", X', Y, Y', ¥", Y'", 
and the elimination will lead to a system of two equations of the 
_ third order.* 

94. General existence theorem. The proof given for a system of 
partial differential equations of the first order (§ 25) can be extended 
readily to the most general systems of the normal form, studied by 
Madame Kovalevsky, t 


O17 
AW = ~ ve eee 
Oxia = F,@,, Mat oe@ ane a9 27 » Bp) )» 

O22, 
MA se uoliee De ee) itencle F. a elets 
(143) Carts eC Sth peg ie) 19°99 > “~p) »; 
=. 

Oz 
Oar? Ee 172). ION: Ae: ap? ); 


in which the right-hand sides contain the independent variables z,, 
L,*++, @,, the dependent functions z,,---, z,, the partial derivatives 
of z, up to and including those of order r,, the partial derivatives of 
z, of orders up to and including those of order r,,---, and so on, 


* See Hermite, Cours d’ Analyse, pp. 215-229. 

+ Journal de Crelle, Vol. LXXX. In her proof, Madame Kovalevsky reduces the 
general. case to the case of a linear system of the first order, but for us it will be 
sufficient to reduce the general case to the case of a system of the first order of any 
form whatever. 
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but none of the derivatives 0%1z,/0xj1, 0z,/Ox}, -.-, O'rz,/Cxir, We 
may then state the general theorem as follows : 


Regarding the quantities x,, ©, +++, Lqy %1) 29° *y Spy 
ON tates rane, ) 
On Ong 7 le Oxen 

which appear in the functions F; as independent variables, let 


Gi Oy 4, On, On Ota BD ‘bi 


A? 2? 1) “sg PI yy, Baye 8 Oy 


be any system of values of these variables in whose neighborhood the 
functions F, are analytic. On the other hand, let 


$); $1; $i; pas ao, 
(144) $2, $3; $3, ies. a 


pp) $5) $;,; eae oh 
be functions of the n—1 variables x,, 2,,-+-+, £,, regular in the 
neighborhood of the point a,,-+++, a, and such that we have 


Bi teoert a. 
0% Mish pe 
Oxrga ++ +» Oxtn 


$; = b;, a Bart ey 

for %,= A+++, %, =a, Then the equations (143) have one and 
only one system of integrals, analytic in the neighborhood of the point 
(@,, @, +++, &,), and such that we have, for x, = a,, 


, tc Lise 

2; = $i, aa eee ta (t= 1, 2,-++, p) 
To prove this we observe first that the equations (143), and those 
which we obtain from them by successive differentiations, enable us 
to express all the partial derivatives of the dependent variables in 
terms of the independent variables, the dependent variables, and the 
partial derivatives 0%+'" +4nz,/dxfi..- Oxf», where a, <r, for i=1, 
a,<7r, fori=2,--.,a,<7, fori=p. This follows, step by step, 
by a process of reasoning exactly like that of § 25. Now the ini- 
tial conditions determine immediately for x,=a,, ---, 2, =a, the 
numerical values of the derivatives in terms of which all the 
others are expressible. Hence the coefficients of the developments 
in power series of the integrals whose existence we wish to prove 
can be calculated by the operations of addition and multiplication 
alone, in terms of the coefficients of the developments of the fune- 

tions F; and of the functions of the array (144). 
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To finish the proof, it remains to establish the convergence of the 
power series thus obtained when the absolute values of the differ- 
ences x;— a; are sufficiently small. We have already proved this 
convergence when all the numbers 7,, 7,,---, 7, are equal to unity. 
We shall now show how to reduce the general case to this particular 
case by considering as dependent variables the functions z,, ---, ,, 
and their partial derivatives up to those of order r; — 1, inclusive, 
for 2,44 = 1, 2,-+-, p). 

Let us put 


yp tetnin® (26,0,.-.,0 = %) 


The right-hand sides of the equations (143) contain the variables 
&y++*, L,, the dependent variables z,,---, 2, the new dependent 
variables, and certain derivatives of the first order of these new 
dependent variables. But, by hypothesis, the derivatives of the varia- 
ble z; of order 7; which can appear are different from the derivative 
#,,0,0,--,0° tence at least one of the numbers a,, a,,---, a, 1s differ- 
ent from zero. If, for example, a, > 0, we can replace 2%,4,,...,4, DY 


Oz! 


1, @— 1, Ay sy &, 
0x, 
when a, +a, +---+4,=7;, and similarly for the others. We can 


therefore write the given equations (143) in the equivalent form 


(145) Pmt 8 = (x, dete G9 8.) =" eles), (besly az, =, p) 
1 

the right-hand sides containing only the independent variables and 
the dependent variables with some of the partial derivatives of the 
first order taken with respect to one of the variables x,,---, 2,. To 
these equations must be adjoined those which give the derivatives 
with respect to x, of the new dependent variables, other than those 
which we have already written. If we havea,+a,+-+--+4,37,—2, 
we can write immediately 


@y By rr Fn yi 
(146) Hog Za tly hay e+ Gn? 


and we have a, +1+4,+---+% 3% — 1, so that the right-hand 
side is one of the dependent variables. If we have 


a+a,+-+--+4,=7-1, 
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we must suppose a, < 7; —1, and, consequently, one at least of the 


numbers @,,--+, a, is different from zero. If, for example, we have 
a, > 0, we shall write 

147 OM sty on ay Oath ag—bneindy, 

oD ox, Ox, 


and the right-hand side is the derivative with respect to x, of one of 
the auxiliary dependent variables. The equations (145), (146), and 
(147) form a normal system of equations of the first order. The 
initial conditions which must be satisfied by the integrals of this 
new system result immediately from the initial conditions imposed 
upon the integrals of the original system, and it is clear that the 
power series obtained for the integrals z,, z,,---, #, of the new sys- 
tem will be identical with the power series obtained for the integrals 
of the given system. These series are therefore convergent (see § 25) 
in the neighborhood of the point (@,, @,,---, @,)- 


For example, the equation of the second order r= f(x, y, Zz, p, q, 8, t) can be 
replaced by a system of three equations of the first order in the normal form, 


0z op op of) oq ep 
—_ = —_ = D. Zz A > y = . 
pet r( Ys 2D, os ee 
If it is required that z= ¢(y), 6z/ox =y(y), for z=, the integrals of the 


auxiliary system must reduce respectively, for x =z), to the functions ¢(y), 


Y(y), (Y)- 


This general theorem does not furnish a reply to all the questions 
which can be proposed on the existence of integrals of any system 
whatever of partial differential equations, for it applies only to sys- 
tems in the normal form considered. The most general systems have 
been the subject of a great number of studies, the most recent of 
which, due to Tresse, Riquier, and Delassus, have led to the gen- 
eral solution of the following problem: Given a system of m partial 
differential equations of any order in any number of independent 
and any uumber of dependent variables, to determine whether this 
system has any integrals and, if it has, to define the arbitrary quan- 
tities (constants or functions) upon which the integrals depend.* 

To sum up, every partial differential equation of any order in 
which both sides are analytic functions of their arguments has an 
infinite number of analytic integrals, but we cannot say, in general, 
as in the case of ordinary differential equations (§ 26), that all the 


* The investigations of Riquier have been collected by him in his work Sur les 
systemes d’équations aux dérivées partielles (1910). 


& 
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integrals are analytic functions of the independent variables. We 
have seen above (p. 255, ftn.) that it is not true for an equation 
of the first order. It is, moreover, easy to see this by elementary 
examples such as the equation p = 0, whose general integral is any 
function of y. 

The methods of the calculus of limits do not apply to the non- 
analytic equations. Let us consider, for example, the equation 


(148) P+ of (a, y)= 9, 


where f(a, y) is a continuous non-analytic function satisfying the 
Lipschitz condition with respect to y. We have proved in §§ 27-30 
that the differential equation 


d 


has an infinite number of integrals which depend upon an arbitrary 
constant C. In order to conclude from this, as in § 31, the existence 
of an integral of the equation (148), it would be necessary to prove 
that all these integrals are defined by an equation of the form 
(x, y)=C, where the function ¢ possesses continuous derivatives 
of the first order. We shall return to this question in the next 
volume. 


EXERCISES 
1. Integrate the partial differential equations 


axtp + (x4z + ax®y — avy?) gq = 2 ax*yz — za?y, 


y . 2g x. 2 fe x 
pa ata alar a) 
(c— 6y)p + (10a— y)q = 6 y? — 447 — 36 zy. 


2. Find the general equation ofjthe surfaces which cut at right angles the 
spheres represented by the equation 

g+y?+ 224+ 2az=0, 
where a is a variable parameter. 

Deduce from the result obtained some systems of three families of orthogonal 
surfaces. 

3. It is required to find the partial differential equation of the surfaces 
described by a straight line which moves so that it always meets a fixed straight 
line at a given angle. Integrate this partial differential equation. 

[Licence, Paris, July, 1873.] 

4. Given a plane P and a poiny O in the plane, find the general equation of 
all the surfaces such that, if we draw the normal mn at any point m of one of 
them meeting the plane P at n, and then the perpendicular mp to this plane, 


the area of the triangle Onp will be equal to a given constant. 
[Licence, Paris, November, 1871.] 
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5. The same question as in Ex. 4, supposing, however, that the angle nOp is 
gat on [Licence, Rennes, 1883.] 


6. Determine all the surfaces which satisfy the condition 
Op X mn = Om’, 


where \ denotes a given constant, O the origin of codrdinates, m any point of 
one of the surfaces, » the foot of the perpendicular dropped from O upon the 
tangent plane at m, and n the trace of the normal.on the plane cOy. 

(Licence, Paris, 1875.] 


7. Find the general equation of the surfaces such that if we draw the 
normal mn from any point m of one of them terminating in the zy-plane, the 


il 1 to the dist On. 
length mn will be equal to the distance On [Licence, Poitiers, 1888. ] 
8. Find the integral surfaces of the equation 


ay*p + wyq = 2 (a? + y’). 
Determine the arbitrary function in such a way that the characteristic curves 
form a family of asymptotic lines of the integral surfaces, and find the 


orthogonal trajectories of the surfaces thus obtained. 
; [Licence, Paris, July, 1904.] 
9. Consider a family of skew curves I represented by the two equations 
e4+2y=az, a +y?+22= bz, 
where a and b are two variable parameters. 
1) Prove that these curves are the orthogonal trajectories of a one-parameter 
family of surfaces S ; 
2) Find the lines of curvature of these surfaces S ; 
8) Show that these surfaces form part of a triply orthogonal system, and find 
the other two families of this system. : : 
[Licence, Paris, July, 1901.] 
10. Form the partial differential equation which has the complete integral 
y? (a? — a) = (z + b)?, and integrate this equation. 


11. Determine the surfaces such that the segment mn of the normal included 
between the surface and the point of intersection n with a fixed plane P pro- 
jects upon this plane into a segment of constant length. 


12. Let n be the point where the normal at m to a surface meets the zy- 
plane. Find the surfaces such that the straight line On will be parallel to the 


tangent plane at m. 
[Licence, Poitiers, July, 1884.] 


13. It is required to determine the surfaces which cut at a given angle V all 
the planes passing through a fixed straight line. Show that the characteristic 
curves are the lines of curvature of the integral surfaces. 


14. The integral curves of the partial differential equation for which a com- 
lete integral i 
Peete = = e)e + kia oe wade 
where a and b are two arbitrary constants, satisfy the relation 


dx? + dy? = k?dz?. 
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: : oR eee so 
15*. Every integral curve of a partial differential equation F(z, y, z, p, q) = 90, 
tangent at a point M to a generator G of the cone 7' with its vertex at M, 
has contact of the second order with every integral surface tangent at M to the 


plane tangent along the generator G to the cone T. 
{[Sopuus Liz.] 


16. From a point M of a surface S a perpendicular MP is dropped upon the 
fixed axis OO’, then from the point P a perpendicular PN upon the normal to 
the surface at M. It is required to determine the surfaces S such that the 
length MN will be a given constant a. 

Study in particular the surfaces S which are helicoids having OO’ for axis. 

[Licence, Paris, October, 1908. ] 


17. It is required to find the general form of the functions F(a, y, z, p, q) 
such that the differential equations of the characteristic curves of the equation 
F =0 will have the integrable combination d(q¢/p) = 0. 


Application. Determine the surfaces S such that the distance of any point 
M of one of them to the zy-plane is equal to the distance from the point O to 
the tangent plane to the surface at the point M. 


18. Given the partial differential equation 
(I) “ Pp + Qgq = Rz? + Sz + T, 


where P, Q, R, S, T depend only upon the variables z and y; show that the 
anharmonic ratio u of any four particular integrals of the equation (I) satisfies 
the equation 


Knowing four particular integrals z,, 2), 23, @, of the equation (I), can we 
derive from them the general integral ? 


19. Parallel surfaces. Let 6 (x, y, z) be an integral of the equation 
00\? 06\? 00a\? 
E ; Sauls 
© i ‘i oD i! ey 
Prove that the equation 6(x, y, z) = C represents, in rectangular codrdinates, 
a family of parallel surfaces. 


Note. We observe that the equation (E) has the complete integral 
0= Vea)? + (y—b) + %— 0, 


and the general integral is obtained by finding the envelope of the sphere of 
radius 9 whose center describes a surface or a curve. It is clear that by 
making the radius 6 vary we obtain a family of parallel surfaces. 

Conversely, in order that the equation u(x, y,z) = C shall represent a family 
of parallel surfaces, it is necessary and sufficient (Ex. 9, p. 42) that u(z, y, z) 
satisfy an equation of the form 


(2) (+ (@Y=em 


which we may reduce to the form (E) by putting 0 = y(u). 
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20. In order that the expression dz + Adz,4+ Bdy shall have an integrating 
factor independent of z, it is necessary and sufficient that it be of the form 

dz + zdp + e-¢dy, 
where ¢ and y are functions of x and y. 

21. Apply the method of J. Bertrand (p. 232) to the equation 

Pdz+Qdy + Rdz=0, 

where P, Q, R are linear functions of z, y, z. satisfying the condition of 
integrability. 

22*. Given a completely integrable system of the form 

dz = pdx + qdy, 


dp = (a,p + 4,q + a,z) dx + (c,p + C,q + C2) dy, 

dq = (cp + ¢,9 + cz) dx + (bp + b,g + 532) dy, 
where a;, b;, c; are functions of z and y, the general integral is of the form 
z= C2, + Cy2. + Cy2,, where z,, 2, 2, are three linearly independent inte- 
grals, and where C,, C,, C, are arbitrary constants.* 


23. Find the necessary and sufficient conditions in order that the equations 
r=f,(%, 9), s=f,(Z, y), t=f3(2, y) 
be consistent. 


Application. Find what condition the functions A (2, y), B(a, y), C(z, y) 
must satisfy in order that the integral curves of the differential equation 
Adz? + 2 Bdxdy + Cdy? =0 be the projections on the zy-plane of the two 
families of asymptotic lines of a surface. 


* APPELL, Journal de Liouville, 3d series, Vol. VIII, p. 192. 
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Briot and Bouquet: 45, 21; 50, ftn.; 
59, 26; 173, 64; 175, 64; 176, 64; 
177, 64; 178, 65; 198, ftn. 

Briot and Bouquet’s equation : 173, 64 

Briot and Bouquet’s method, analytic 
integrals: 50, ftn.; 59, 26 

Briot and Bouquet’s theorem: 175, 64; 
176, 64; 177, 64; 178, 65 


Calculus of limits: 45, 21 and 22; 65, 
ftn. ; 137, 50; (system of equations) : 
48,22; equations of the nth order: 49, 
22; 100, 37; non-linear equations: 
174, 64; partial differential equa- 
tions: 53, 25; (system of): 56, 25; 
288, 94; 287, 943; system of linear 
equations: 50, 23; total differential 
equation: 51,24; (system of) : 53, 24 

Canonical form, of substitutions: 131, 
48; 132,48; of a system of linear 
equations: 161, 59; 165,61; 179, 65 

Cauchy: 35,18; 45, 21; 46, 22; 61, 
27; 68, 30; 73, 830; 74, 30; 108, 
39; 109, ftn.; 128, 46; 154, ftn.; 
172, 63; 183,67; 198,71; 202, 71; 
214,75; 217,75; 246, 84; 249, 85; 
254, 85; 257, 85; 257, Note; 259, 
86; 260, Note; 261, 87; 264, 87 

Cauchy-Lipschitz method : 61,27; 68, 
80; 74, 30 

Cauchy’s equation: 257, ex. 1. 

Cauchy’s first proof: 68, 30; 73, 30 

Cauchy’s method: non-homogeneous 
linear equations: 108, 39 ; 109, ftn.; 
(system of): 154, ftn.; partial dif- 
ferential equations: 249, 85; 257, 
Note; 259, 86; 260, Note; (ex- 
tended): 261, 87 

Cauchy’s problem: 246, 84; 264, 87 

Cauchy’s theorem: 45, 22; 172, 63; 
188, 67; 198, 71; 202, 71; (system 
of equations) : 48,22; 217, 75; par- 
tial differential equations: 54, 25 
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Center, of integral curves: 180, 65; 
of similitude, 8, 3 

Characteristic curves: 219, 76; 224, 
717; 249, 86; 250, 856; 259, 86; 
261, 87; Cauchy’s method : 249, 85; 
257, Note; 259, 86; 260, Note; 
261, 87; congruence of: 219, 76; 
220, 76; 222, 77; derivation from 
complete integral: 259, 86 ; differen- 
tial equations of : 219, 76; 222,77; 
224, 77; 251, 85; see also Char- 
acteristic strip 

Characteristic developable surface: 
252, 85; 259, 86; 260, Note 

Characteristic direction: 250, 85 

Characteristic equation: 130,47 ; 139, 
50; 140,51; 148,53; 147,54; 165, 
61; 166, 62; 179, 65; elementary 
divisors: 132, ftn.; roots of: 130, 
47; 131, 48; 189, 50; 149, Note 2 

Characteristic exponents: 147, 54; 
150, 55 

Characteristic numbers: 147, 54 

Characteristic strip: 252,85; 259, 86 ; 
260, Note; 261, 87; differential 
equation of : 262, 87 

Circles, differential equation of: 5,1; 
of double contact with a conic: 
206, ex. 4 

Cissoid: 206, ex. 5 

Clairaut: 17,10; 41, ftn.; 44, ex. 20; 
205, 12; 212, 74; 289, ex. 1 

Clairaut’s equation: 17,10; 47, ftn.; 
44, ex. 20; 205, 723; generalized: 
212, 74; 239, ex. 1 

Clebsch: 267, 88 

Complete integral: 236, 82; 239, 82; 
241,83; 247, 84; 260, Note; 277, 
91; 278, 92; generalization of the- 
ory: 272,90; geometric interpreta- 
tion: 238, 82; of involutory systems: 
277, 91; see also Cauchy’s method 
and Lagrange’s theory 

Complete systems: 267, 88 and 89; 
equivalent: 268, 89; Jacobian sys- 
tems: 269, 89; 270, 89; 271, ex.; 
275, 91; 278, 92; method of inte- 
gration: 270, 89; change of varia- 
bles: 267, 89 
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Completely integrable total differen- 
tial equations: 52, 24; 225, 78; 
system of equations: 53, 24; see 
also Condition for integrability 

Complex of curves: 259, 86 

Condition for incompressibility of a 
fluid: 86, 33 

Condition for integrability of total 
differential equations: 52, 24; 225, 
78; 230, 80; the bracket [u, v]: 
284, 81; 241, 83; invariance of: 
231, 80; involutory systems, Pois- 
son’s parenthesis: 274, 913; the 
parenthesis (u, v): 234, 81 

Conformal representation: 22, 13 

Congruence of curves: 209, 74; 219, 
76; 222, 77; focal points of, focal 
surface: 209, 74; 224, 77; see also 
Characteristic curves and Edge of 
regression 

Conical point: 257, 85 

Conics, differential equation of: 5,13 
having circles of double contact: 
206, ex. 4 

Conoids: 220, ex. 1 

Constant coefficients in differential 
equations: 117,43; (system of equa- 
tions): 157, 58; 160, 58; D’Alem- 
bert’s method : 122, 44; 161, 58 

Constants of integration: 74, 31; see 
also Elimination of constants 

Continuous one-parameter groups: 
87, 34; see also Groups 

Corresponding homogeneous 
equation: 107, 39 

Cotton: 64, ftn. 

Covariant: 80, Note 2 

Cremona transformation: 198, ftn. 

Critical points, algebraic: 173, 63; 
183, 67; 199, 71; 201, 713 infinite 
number of: 185, ftn.; linear equa- 
tions: 129, 47; non-linear equa- 
tions: 173, 63; permutation of 
integrals about: 129, 47; 133, 49; 
transcendental: 197, 70 

Curves, asymptotic lines: 43, ex. 18; 
91, 85; 206, ex. 6; circles: see Cir- 
cles; cissoid: 206, ex. 5; complex 
of: 259, 86; congruence of: see 
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Congruence of curves; conics: see 
Conics; cycloid: 41, 20; edge of 
regression: 209, 74; 212, 74; 240, 
ex. 2; 257, 85; elastic space curve: 
99, ex. 7; ellipse: 18, 10; enve- 
lope: see Envelope; family of: 3,1; 
helices: 220, ex. 2; isothermal: 43, 
ex. 125 orthogonal: 14, 7; 33,17; 
220, ex. 8; 228, 783; parabola: 6, 
1; parallel: 42, ex. 9; similar: 8, 
3; straight lines: 4,1; trajectories: 
14, 7; 34,17; 98, 36; unicursal 
quartic: 19, ex. 2; 205, 72; see also 
Cusps Integral curves, Lines of 
Curvature, Locus 

Cusps of integral curves: 41, 20; 
201, 71; 202,71; 208, 73; 212, 74; 
218, ex. 2; see also Locus of cusps 


Darboux: 29, 16; 41, ftn.; 45, 21; 
79, ftn.; 116 ftn.; 205, ftn.; 213, 
ex. 2; 239, ftn. ; 258, 85 
Darboux’s theorems: 29, 16 

D’ Alembert: 122, 44; 161, 58 
D’Alembert’s method: 122, 44; 161,58 
Definite integrals as solutions, of Bes- 
sel’s equation: 126,46; 169, ex. 8; 
of Laplace’s equation: 124, 46 
Delassus: 286, 94 

Depression of order: 36,19; 109, 40 
Derivative in non-linear equations, 
infinite: 172, 63; indeterminate: 
173, 64; 177, 65; see also Briot and 
Bouquet’s equation and Briot and 
Bouquet’s theorem 
Developable surfaces: 240, 82; 257, 
85; 282, ex.; see also Character- 
istic developable surfaces 
Differential equations: 3, 1; admit- 
ting a group of transformations: 
89, 85; 91, 85; 95, 386; 96, 36; 97, 
86; 98, ex. 43; algebraic: 180, 66; 
182, 67; algebraic, of deficiency 
zero or one: 18, 11; Bernoulli’s: 72, 
5; Bessel’s: 126,46; 142, 52; 169, 
ex. 8; Briot and Bouquet’s: 173, 64; 
Cauchy’s: 257, ex. 1; of character- 
istic curves: 219, 76; 222, 77; 224, 
77; 261, 85; of characteristic strip: 


os s 
262, 87; of circles: 5, 13 Clairaut’s: 
see Clairaut’s equation; of conics 
(Halphen’s method): 5, 1; Dar- 
boux’s theorems: 29, 16; depression 
of order of: 36, 19; 109, 40; differ- 
ential notation: 7,2; elastic space 
curve: 99, ex. 7; equations F(a, y’) 
=0, F(¥y,y’) =0: 18,113 Buler’s: 
see Euler’s equation; Euler’s linear: 
128, 45; existence theorems: see 
Existence theorems ; of first order: 
6, 2; 180, 66; Gauss’s: 140, 51; 
geometric representation of: 14, 8; 
of higher order: 35, 18; 196, 70; 
homogeneous: 8,3 ; 16, ftn.; 38,19; 
90, 35; of incompressible fluid: 84, 
33; integrals of: see Integral curves, 
Integral surfaces, and Integrals; of 
isothermal curves: 43, ex. 12; Jaco- 
bi’s: see Jacobi’s equation; La- 
grange’s: 16,9; 204, 72; 205, 72; 
Lamé’s: 146, 53; Laplace’s linear: 
124, 46; Legendre’s: /12, ex.; lin- 
ear: 9,4; 90, 385; Liouville’s: 79, 
ex. 33 of the nth order: 4,1; 6, 
2; 49, 22; 100, 373; order of: 4, 
1; of orthogonal trajectories: 14, 
7; 88, 17; 228, 78; Painlevé’s: 
196, 70; 197, 70; of parabolas: 6, 
1; with periodic coefficients: see 
Periodic coefficients; Picard’s: 143, 
53; raising order of: 41, Note; 
regular: 134,50; Riccati’s: see Ric- 
cati’s equation; of similar curves: 
8, 83 singular points of : see Singu- 
lar points; of straight lines: 4, 1; 
of trajectories: see Trajectories; see 
also special classes of differential 
equations and systems of equations 


Differential notation: 7, 2 
Differential operators: 97, 36; 102, 


88; 113, 41; bracket [u, v]: 234, 
81; 241, 83; the parenthesis (u, v) + 
234, 81; Poisson’s parenthesis: 274, 
91; X[Y(f)] — Y([X(/)]: 97, 86; 
266, 88; 278, 92 


Dixon: 44, ex. 21 
Dominant functions: 45, 21; 47, 22; 57, 


23 ; 52,24; 55,25; 188, 60; 174, 64 
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Doubly periodic functions of the sec- 
ond kind: 145, 538 


Edge of regression: 209, 74; 212, 74; 
240, ex. 2; 257, 85 

Elastic space curve: 99, ex. 7 

Element: 251, 85; 261, 87 

Elementary divisors: 132, ftn. 

Elimination, of arbitrary functions: 
222,17; 288,82; 259,86; 273, 90; 
278, 98; of constants: 3,1; 208, 
74; 236, 82; 255, ftn.; 272, 90 

Ellipsoid, lines of curvature of: 4/, 
Note 

Elliptic functions: 23, 14; as coeffi- 
cients of a linear equation: 144, 
53; 146, 54; existence proof from 
Euler’s equation: 23, 14; 194, 69; 
as integrals: 19, ex.3; 39,20; 144, 
58; 192, 68; Picard’s equation: 
144, 53 

Envelope, of asymptotic lines: 206, 
ex. 6; of integral curves: 17, 10; 
208, 71 ; 204, ftn. ; 205, 72 ; 209, 74; 
218, ex. 8; of integral surfaces: 238, 
82 ; 281, 93; of straight lines: 78, 10 

Equations of first order, higher order: 
see Differential equations and special 
classes of equations 

Equivalent complete systems: 268, 89 

Essentially singular points: 131, 47; 
134, 49; movable: 196, 70 

DRS HEY OTS BY ERS are ee AS 
LOSE ZO Gi 47 ttn 4S. exalts 
117, 43; 123,45; 194, 69; 205, 72; 
221, ex. 3 

Euler’s equation: 23,14; 28,15; 41, 
ftn. ; 194, 69; 205, 72; Abel’s the- 
orem: 28, 153 existence of elliptic 
functions: 23, 14; 194, 69; La 
grange’s integral of: 43, ex. 17; 
Stieltjes’s general integral: 27, 14 

Euler’s linear equation: 123, 45 

Euler’s relation for homogeneity: 221 
ex. 3 

Exceptional initial values: 172, 63; 
178, 64; 177, 65 

Existence theorems: 45, 22; 98, ex. 
1; analytic integrals: see Analytic 
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integrals and Briot and Bouquet’s 
method; calculus of limits: see 
Calculus of limits; for elliptic func- 
tions: 28, 14; 194, 69; for inte- 
grating factors: 57, 26; successive 
approximations: see Successive ap- 
proximations; for systems of partial 
differential equations in normal 
form: 283, 94; see also Exceptional 
initial values 


Extended group: 94, 36 


First integrals: 74, 31; 76, 31; 81, 
32.5 88825, 157, 61; 216; 75 

Fixed singular points : 181, 66 ; 182, 67 

Floquet: 151, ftn. 

Focal point: 209, 74 

Focal surface: 209, 74; 224, 77 

Focus: 1806, 65 

Fuchs: 184, 50; 139, ftn.; 150, ftn.; 
194, ftn. 

Fuchs’ theorem: 134, 50 

Functions defined by differential 
equations: 182, 67 

Fundamental characteristic equation: 


189, 50; see also Characteristic 
equation 
Fundamental system of integrals: 


108, 88; 105, 38; 129,47; 130, 47; 
147, 54; for a system of linear 
equations: 153, 56 


Gauss: 140, 51 

Gauss’s equation: 140, 51 

General integral: 3,1; 12, 7; 59, 26; 
74, 813; of homogeneous linear 
equations: 103, 38; 105, 38; of 
partial differential equations: 217, 
75; 288, 82; 2738, 90; of a system 
of equations: 57, 26; 152, 56 

Goursat: 838, ftn.; 170, exs. 14, 15; 
208, ftn.; 265, ftn. 

Group, differential equations admit- 
ting a: 89, 35; 91, 35; 95, 36; 96, 
86; 97, 86; 98, ex. 4; differential 
equations of a: 88, 34 

Groups, one-parameter continuous: 
86, 34; 91,86; application to differ- 
ential equations: 89, 35; 96, 36; 
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97,36; functions admitting: 93, 36; 
of infinitesimal transformations: 
91, 36; 93, 36; invariants: 93, 363; 
similar: .88, 34; of translations: 
89, 84; see also Transformations 


Halphen: 5,1; 115, 42 

Hedrick: 255, ftn. 

Helices: 220, ex. 2; 245, 88 

Helicoid: 220, ex.2; 245, 88; lines 
of curvature of: 91, 35 

Hermite: 99, ex. 7; 146, 58; 169, ex. 
8; 193, ftn.; 283, ftn. 

Homogeneity of-functions, Euler’s re- 
lation: 221, ex. 3 

Homogeneous equations: 8, 38; 16, 
ftn.; 38,19; 90, 35 

Homogeneous linear equations: 102, 
88; 107, 89; adjoint equation, poly- 
nomial: 116, 42; analogies with 
algebraic equations: 113, 41; anal- 
ogies with the Galois theory, with 
symmetric functions of roots: 115, 
41; auxiliary equation, polynomial: 
117, 43; Bessel’s equation: 726, 46; 
142, 62; 169, ex. 8; common inte- 
grals of two equations: 114, 41; 
constant coefficients: 117, 438; 
(D’Alembert’s method): 122, 44; 
corresponding: 107, 393 critical 
points: 729, 47; depression of order: 
109, 40; elliptic coefficients: 144, 
53 ; 146,543 Euler’s linear equation: 
128, 45; Fuchs’ theorem: 134, 50; 
fundamental system of integrals: 
108, 38; 105, 38; 129, 47; Gauss’s 
equation : 140,51; general integral: 
103, 38; 105, 883 greatest common 
divisor: 113, 413; group of substitu- 
tions: 132, 48; 134, 48; invariants: 
115,41; Lamé’s equation: 746, 535; 
Laplace’s equation: 124, 46; Legen- 
dre’s equation: 112, ex.; linearly 
independent integrals: 103,38; 105, 
88; periodic coefficients: 128, 47; 
146, 54; 150, ex.; 151, ftn.3 per- 
mutations of integrals around a 
critical point: 129, 47; Picard’s 
equation: 143, 53; ratio of two 
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2 
integrals: 169, ex. 10; regular: 134, 
50; regular integrals: 128, 47; 131, 
47; 134, 49; relation to Riccati’s 
equation: 111, 40; 112, ftn.; roots 
of integrals, Sturm’s theorem: 711, 
ftn.; solution as a definite inte- 
gral: see Definite integrals; system 
of : see System of homogeneous lin- 
ear equations; Wronskian: 129, 47; 
see also Characteristic equation, 
Characteristic numbers, and Char- 
acteristic exponents 

Hotiel: 212, ex. 1 

Hyperelliptic functions: 193, 68 

Hypergeometric series: 140, 51; de- 
generate cases: 142, 52 


Identical transformation: 88, 34; 91, 
36 

Incompressible fluid, condition for: 
86, 33; invariant integrals: 84, 33 

Independent equations: 265, 88 

Independent integrals: SZ, 313 line- 
arly: 103, 88; 105, 38 

Infinitesimal transformations: 86, 34 ; 
91, 36; 98, 86; 98, 36 

Initial conditions: 45, 22 ; 48,22; 49, 
22; 50, 23; 52,24; 58, 24; 61, 26; 
defining an integral: 100, 37; partial 
differential equations: 54, 25; 57, 
25; 214,74; 221,76; 246,84; 284, 
94; see also Cauchy’s problem, De- 
rivatives in non-linear equations, 
and Exceptional initial values 

Integrable combination: 77, 31; 78, 
exs. 1,2; 220, 76; 245, 88 

Integral curves: 4, 1; 60, 26 and ftn.; 
(ils ere WS), INOW) Shs Hips ap, 8 T7AS). 
65; 199,713 center: 180, 65; cusps: 
see Cusps; envelope of: 77,10; 203, 
71; 204, ftn.; 205, 72; 209, 74; 218, 
ex. 83; focus: 180, 65; in para- 
metric form: 16,93 of a partial dif- 
ferential equation: 257, 85; 288, 
ex. 2; 289, ex. 15; saddleback: 
179, 65; see also Integrals 

Integral equation: 67, 27 

Integral surfaces: 218, 76; 219, 76; 
227,78; 246, 84; 250,85; 255, 85; 
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envelope of: 238, 82; 281, 93; see 
also Cauchy’s problem and Integrals 
Integrals: Abelian: 78,11; analytic: 
see Analytic extension and Analytic 
integrals; anharmonic ratio of: 13, 
7; Cauchy’s problem: 246, 84; 264, 
87; complete: see Complete inte- 
gral; common to two linear equa- 
tions: 114, 41; defined by initial 
conditions: 100, 87; in form of 
definite integrals: see Definite in- 
tegrals; elements of: 251, 85; 261, 
87; elliptic functions: 19, ex. 3; 39, 
20; 144, 538; 192, 68; of equations 
of higher order: 196, 70; existence 
of: see Existence theorems; first: 
see First integrals; fundamental 
system of: see Fundamental system 
of integrals; general: see General 
integral; general properties of: 
100, 37; hypergeometric series: 140, 
51; 142, 52; independent: 81, 31; 
initial conditions: see Initial condi- 
tions; invariant: see Invariant inte- 
grals; Legendre’s polynomials: 112, 
ex.; Lie’s enlarged definition: 264, 
Note; linearly independent: 103, 
88; 105, 38; non-analytic: see Non- 
analytic integrals; particular: 3,1; 
12S eld 20,2 107,30 109. 
40; periodic: 192, 68; permutation 
of integrals around a critical point: 
129,47; 133, 49; rational functions: 
144,53; 192, 68; rational functions 
of constants: 10,4; 12, 7; 186, 673 
regular: 128, 47; 181,47; 184, 49; 
roots of, Sturm’s theorem: 1177, 
ftn.; singular: see Singular inte- 
grals; singular points: see Singular 
points; Wronskian: 129, 47; see 
also Integrable combination, Inte- 
gral curves, Integral surfaces, and 
special types of equations 
Integrating factors: 19, 12; 81,32; 83, 
32; 96,36; 98, exs. 3,4; 115, 42; 231, 
80 ; 290, ex. 20; existence of : 57, 26 
Integration by raising order: 47, Note 
Invariance of conditionofintegrability: 
231, 80 
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Invariant functions: 93, 36 

Invariant integral: 83, 33; of homoge- 
neous linear equations: 115, 41; of 
incompressible fluid: 84, 33; line 
and surface: 8&4, 33; multiple: 85, 
33; volume: 86, 33 

Involutory systems: 274, 91; com- 
plete integral: 277, 91; Jacobi’s 
method: 277, 92; Poisson’s paren- 
thesis: 274, 91 


Isothermal curves: 43, ex. 12 


Jacobi: 11,6; 25,14; 32, 16; 74, 31; 
81, 82; 163, 60; 269, 89; 270, 89; 
271, ex.; 275, 91; 277, 92; 278, 92 

Jacobi’s equation: 71, 6; 32, 163 re- 
lation to a system of homogeneous 
linear equations: 163, 60 

Jacobi’s method, involutory systems: 
277, 92 

Jacobi’s multipliers: 74, 31; 81, 32 

Jacobian system: 269, 89; 270, 89; 
271, ex.; 275, 91; 278, 92 


Kovalevsky, Madame: 45, 21; 283, 94 
_and ftn. 


Lagrange: 16,9; 41, ftn.; 43,ex.17; 
107, 39; 109, ftn.; 115, 42; 208, 
71; 204, 72; 205, 12; 218, ex. 4; 
236, 82; 239, 82; 240, 83; 241, 83; 
251, 85; 255, ftn.; 258, ex. 1; 259, 
86; 277, 92 

Lagrange and Charpit’s method : 240, 
83; 277, 92 

Lagrange’s equation: 16,9; 204, 72; 
205, 72 

Lagrange’s integral of Euler’s equa- 
tion: 43, ex. 17 

Lagrange’s method: 241, 83; 251, 85 

Lagrange’s method of the variation of 
constants: 107, 39; 109, ftn.; 255, 
ftn. 

Lagrange’s theory of the complete in- 
tegral: 286, 82; 289, 82; 258, ex. 
1; 259, 86 

Laguerre: 115, 41 

Lamé: 146, 58 

Lamé’s equation: 146, 58 
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Laplace: 124, 46; 127, Note 

Laplace’s linear equation: 124, 46; 
127, Note 

Legendre: 16, ftn.; 28,15; 112, ex. 

Legendre’s equation: 112, ex. 

Legendre’s polynomials: 112, ex. 

Legendre’s transformation: 16, ftn. 

Leibnitz : 118, 43 

Leibnitz’s formula: 118, 48 

Liapunof: 151, 55 and ftn.; 166, 62 

Tes 48" ex.012\5 86, ttn. ; 98, 365 
264, Note; 289, ex. 15 

Lie’s enlarged definition of the inte- 
gral: 264, Note 

Lie’s theory of differential equations: 
86, 34; see also Groups 

Lindeléf: 61,27; 98, ex.1 

Linear equations: 9,4; 90, 35; 100, 
37; 106, 39; 186, 67; coefficients 
depending upon a parameter: 64, 
Note ; depression of order : 109, 40; 
general properties of integrals: 100, 

» 87; see also Homogeneous linear 
equations, Integrals, Non-homoge- 
neous linear equations, Partial differ- 
ential equations, and Singular points 

Linearly independent functions: 103, 
38; integrals: 103, 38; 105, 38 

Lines of curvature: 206, 72; of an 
ellipsoid : 47, Note; of a helicoid: 
91, 35 

Liouville: 79, ex. 3 

Liouville’s equation: 79, ex. 3 

Lipschitz: 68, 30; 287, 94 

Lipschitz condition : 68, 30; 287, 94 

Locus, of characteristic curves: 219, 
76; of cusps of integral curves: 
201, 71; 202, 71; 206, 72; 208, 73; 
212, 74; 218, ex. 23 of points of 
inflection of integral curves: 213, 
ex. 2. 


Mayer: 229, 79 

Mayer’s method: 229, 79 

Méray: 45, 21 

Moigno: 68, 30; 212, ex. 1 

Monge: 41, Note 

Monge’s method of finding the lines of 
curvature of an ellipsoid: 47, Note 
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Mofable singular points: 181, 66; 
thet, (OS 1G TM ENG! TAMA Sore 
equations of higher order: 196,70; 
essentially singular: 796, 70; lines 
of: 197,70; poles: 197, ftn.; tran- 
scendental critical points: 197, 70 

Multipliers: 74, 31; 81, 82; 85, 88 


Non-analytic integrals: 50, 22; 255, 
ftn.; Briot and Bouquet’s theorem : 
175, 64; 176, 64; 177, 64; 178, 65; 
see also Analytic integrals and Briot 
and Bouquet’s method 

Non-homogeneous linear equations: 
100, 37; 106, 39; analytic exten- 
sion of integrals: 101,37; Cauchy’s 
method: 108, 39; 109, ftn.; con- 
stant coefficients: 120, 43; corre- 
sponding homogeneous equation : 
107, 39; depression of order: 110, 
40; general integral: 107, 39; La~- 
grange’s method of the variation of 
constants: 107,39; 109, ftn.; singular 
points: 100,37 ; system of equations: 
see Systems of non-homogeneous 
linear equations 

Non-linear differential equations, 172, 
63; 179, 65; algebraic equations of 
the first order: 180, 66; 182, 67; 
Briot and Bouquet’s problem: 193, 
ftn.; having single-valued inte- 
grals: 187, 68; 192, 68; 1938, ftn.; 
exceptional initial values: 172, 63; 
(derivative infinite): 172, 63; (de- 
rivative indeterminate): 173, 64; 
177, 65; integrals: see Envelope of 
integrals, Integral curves, Integrals, 
Locus of cusps, and Singular inte- 
grals; functions defined by 7’ = 
R(a, y): 182,67; non-analytic inte- 
grals: see Non-analytic integrals; 
singular points: see Critical points, 
Fixed singular points, Movable sin- 
gular points, Singular points; sys- 
tems of: 208, 74; see also Equations 
of Briot and Bouquet, Clairaut, 
Euler, Lagrange, and Riccati 

Normal form of a system of partial 
differential equations: 283, 94 
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Order of a differential equation: 4,1; 
depression of : 36,19; 109, 40; first 
order: 6,2; 180, 66; higher order, 
nth order: 4,1; 6,2; 35, 18; 196, 
70; integration by raising order: 
41, Note 

Orthogonal trajectories: 14, 7; 33, 
17; 220, ex. 3; 228, 78 

Orthogonal surfaces: 223, 77 


Painlevé: 59, ftn.; 74,30; 196, 70; 
Th AE AE Cesc fh 

Painlevé’s equation: 196, 70; 
70 

Parallel curves: 42, ex. 9 

Parallel surfaces: 289, ex. 19 

Parenthesis (u, v): 234, 81; Poisson’s: 
274, 91 

Partial differential equations: 76, 31; 
of first order: see Partial differential 
equations of the first order; of 
higher order: 278, 93; (system of 
equations): 283, 94; of ruled sur- 
faces: 280, ex. 1; 287, ex. 23 of 
tubular surfaces: 240, ex. 3; 282, 
ex. ; see also Systems of differential 
equations and Existence theorems 

Partial differential equations of the 
first order, linear: 75, 381; 214, 75; 
characteristic curves: see Character- 
istic curves; of conoids: 220, ex. 1; 
general integral: 217, 75; geomet- 
ric interpretation: 228,76; general 
method of integration: 214, 75; of 
helicoids: 220, ex. 2; 245, 88; initial 
conditions, 221, 76; integral surface: 
218, 76; 219, 76; singular integral, 
surface: 224, 77; see also Systems 
of differential equations 

Partial differential equations of the 
first order, non-linear: any num- 
ber of variables: 261, 87; Cauchy’s 
equation: 257, ex. 1; Cauchy’s 
method: 249, 85; 259, 86; 260, 
Note; (extended): 261,87; Cauchy’s 
problem: 246, 84; characteristic 
curves, characteristic developable 
surface, characteristic direction, 
characteristic strip: see these titles; 


197, 
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Clairaut’s equation, generalized: 
239, ex. 1; complete integral: 236, 
82, and see also Lagrange’s theory ; 
element: 251, 85; envelope of sur- 
faces: 238, 82; general integral: 
238, 82; integral, Lie’s enlarged 
definition: 264, Note; integral 
curves: 257, 85; 289, ex. 15; La- 
grange and Charpit’s method: 240, 
83; 277,92; separation of variables: 
244, ex. 3; singular integrals: 224, 
77; 287, 82; 288, ftn.; 272, 905 
three variables: 236, 82; see also 
Involutory systems 

Particular integral, solution: 
D2 AT =e LAS age Oe ae 
109, 40 

Periodic coefficients: 128, 47; 146, 
54; 150, ex.; 151, ftn.3; elliptic: 
144, 58; 146, 54; Picard’s equa- 
tion: 144, 53; system of linear 
equations: 164, 61; 166, 62 

Picard: 59, ftn.; 61, 27; 74,30; 124, 
42; 144,53; 177, 64 

Picard’s equation: 144, 53 

Picard’s method of successive approxi- 
mations: see Successive approxima- 
tions 

Poincaré: 83,33; 126, ftn.; 151, ftn.; 
177, 64; 180, 65; 194, ftn. 

Poisson: 274, 91; 277, 92 

Poisson’s identity: 277, 92 

Poisson’s parenthesis: 274, 91 

Poles of integrals: 143, 53; 183, 67; 
185,67; movable: 186,67; 197,ftn. 

Properties, of differential equations of 
higher order: 196, 70; of e*, tana: 
Shee ex O 


mad 
107, 39; 


Quadratures: 7,2; 10,4; 12,7; 13, 
bgt L403) LG, Os PO 1D a7 Soleo. 
Note 1; 83, 82; 90, 35; 108, 39; 
110, 40; 111,40; 154,56; 278, 92 


Raffy: 44, ex. 21 

Ratio, of similitude: 8, 3; of two 
integrals: 169, ex. 10 

Rational functions, of constants as in- 
tegrals: 10, 4; 12, 7; 186, 673 of 


INDEX 


variables as integrals: 144, 58; 192, 
68 

Reducible systems: 165, 62 

Regular differential equations: 184, 
50 

Regular integrals: 128, 47; 131, 47; 
184,49; Fuchs’ theorem: 134, 50; 
substitutions: 132, 48; 134, 48 

Riccaiz: 12, 7; 18, ftn.; 48, ex. 13; 
79,ex.2; 111,40; 112, 40 and ftn.; 
143, Note; 157,57; 169,ex.9; 170, 
ex. 15; 286, 67; 187, 67 and ftn.; 
194, ftn.; 197, ftn.; 218, ex. 7 

Riccati’s equation: 12,7; 48, ex. 138; 
79,ex.2; 111,40; 112,40 and ftn.; 
143, Note; 157,57; 169,ex.9; 170, 
ex. 16; 287, 67 and ftn.; 186, 67; 
194, ftn.; 213, ex. 7; generalization 
of : 197, ftn.; linear transformation 
of: 138, ftn.; relation to linear equa- 
tions: 117,40; 112, ftn. 

Riquier: 45, 21; 286, 94 and ftn. 

-Roots of characteristic equation: 130, 
47; 131,48; 139, 50; 149, Note 2; 
elementary divisors: 132, ftn. 

Roots of integrals: Sturm’s theorem: 
111, ftn. 

Ruled surfaces: 280, ex.1; 281, ex. 2 


Saddleback: 179, 65 

Sauvage: 122, ftn. 

Schlémilch: 212, ex. 1 

Separation of variables: 6, 2; 8, 3; 
19,12; 244, ex. 8 

Serre: 212, ex. 1;-218, ex. 3 

Similar curves: 8, 3 

Similar groups: 88, 34 

Single-valued integrals: 144, 53; of 
(y)™ = RB (y), classification of equa- 
tions: 187, 68; 192, 68; 198, ftn. 

Singular integral, curve, surface: 77, 
10;°77. 14; 76, fim.; 198, 71; 202, 
71; 205,72; 206,72; 208,74; 210, 
74; 224,77; 237, 82; 256, ftn.; as 
an envelope: 203,71; 238, 82; geo- 
metric interpretation: 207, 73 

Singular integral, curves and surfaces: 
determination of: 205,72; of first- 
order equations: 198, 71; 202,71; 
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206, 72; geometric interpretation : 
207,73; of partial differential equa- 
tions: 224, 77; 237, 82; 238, ftn.; 
272, 90; of a system of equations: 
208, 74; 210, 74 

Singular lines, movable: 197, 70 

Singular points: algebraic critical 
points: 173, 63; 183, 67; 184, 67; 
201, 71; Briot and Bouquet’s theo- 
rem: 176, 64; center: 180, 653 of 
equations of the first order: 180, 
66; essentially : 131, 47; 134, 49; 
essentially singular movable: 196, 
70; fixed: 181,66; 182, 67; focus: 
180, 65; of linear equations: 65, 
28 ; 100,37; 129,47; 140,51; 142, 
62; 143, 53; indeterminate deriva- 
tive: 173, 64; infinite derivative: 
172, 633 infinite number of critical 
points: 185, ftn.; movable: see 
Movable singular points; poles: 131, 
47; 143, 538; 144, 538; 183, 67; 184, 
67; 185, 67; 197, {tn.; saddleback : 
179, 65 

Solution: see Integral 

Star: 67, 29 

Stationary flow: 86, 33 

Stieltjes: 27, 14 

Stieltjes’s general integral of Euler’s 
equation: 27, 14 

Straight lines, differential equation 
of: 4,1 

Sturm: 111, ftn. 

Sturm’s theorem: 171, ftn. 

Substitutions: linear equations: 129, 
47; 182, 48; 134, 48; canonical 
form: 131, 48; 132, 48; system of 
linear equations, canonical form : 
168, 61; Wronskian: 129, 47 

Successive approximations: 61, 27; 
analytic functions: 66, 29; 102, 37; 
176, 64; Cauchy-Lipschitz method : 
61,27; 68, 30; 74, 30; Cauchy’s first 
proof: 68, 80; 73, 303 coefficients 
functions of a parameter: 65, Note; 
Lindeléf’s addition: 67, 27; linear 
equations: 64, 28; Lipschitz condi- 
tion: 68, 380; 287, 94 ; non-analytic 
integrals: 175, 64; real variables: 
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61, 27; 62, 27; 68, 30; 73, 30; 150, 
55; star: 67, 29 

Surfaces, conoids: 220, ex. 1; develop- 
able: 240, 82; 257, 85; 282, ex.; 
ellipsoid: 42, Note; focal: 209, 
74; 224, 77; helicoids: 220, ex. 2; 
245, 83; orthogonal: 223, 773 par- 
allel: 289, ex. 19; ruled: 280, ex. 
1; 281, ex. 2; tubular: 240, ex. 3; 
282, ex.; see also Characteristic de- 
velopable surfaces, Envelopes, and 
Integral surfaces 

Symbolic polynomial: 113, 41; 126, 
42; 118,43; divisor: 114, 41; great- 
est common divisor: 173, 41 
Systems of differential equations: 60, 
26; 74, 831; 79, Note 1; covariant: 
80, Note 2; existence theorem: 
see Existence theorem; first inte- 
grals: see First integrals; general 
integral: 57, 26; integral curve: 
60, 26; invariant integrals: see 
Invariant integrals; multipliers: 
74, 31; 81, 32 ; 85, 33; singular inte- 
grals: 208, 74; see also Integrable 
combination, Systems of homoge- 
neous linear equations, and Systems 
of non-homogeneous linear equations 
Systems of homogeneous linear equa- 
tions: 152, 56; adjoint system: 
156, 57; 166, 62; auxiliary equa- 
tion: 158, 58; canonical form: 
161, 59; 165, 61; 179, 653; con- 
stant coefficients: 157, 58; 160, 
58; (D’Alembert’s method): 161, 
58; fundamental system of inte- 
grals: 153,56; periodic coefficients : 
164, 61; 166, 62; reducible systems: 
165, 623 relation to Jacobi’s equa- 
tion: 163, 60; substitutions: 265, 61 
Systems of non-homogeneous linear 
equations: 164, 56; Cauchy’s 
method: 154, ftn.; existence theo- 
rem: 50, 23 

Systems of partial differential equa- 
tions: of first order: 272, 90; nor- 
mal form, general existence theo- 
rem: 283, 94; see also Existence 
theorems, Involutory systems, and 
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Systems of homogeneous linear par- 
tial differential equations of the first 
order 

Systems of partial differential equa- 
tions, homogeneous linear equa- 
tions of the first order: 265, 88; 
independent equations: 7265, 88; 
X(Y(f)]-Y([X(s)]: 266, 88; see 
also Complete systems 


Tannery: 189, ftn. 

Taylor: 35, 18 

Total differential equations: 51, 24; 
225, 78; 241, 83; 276, 91; Ber- 
trand’s method: 232, 80; 290, ex. 21; 
completely integrable: 52, 24; 225, 
78; existence theorem: 451, 24; 
geometric interpretation: 227, 78; 
integral surface: 227, 78; Mayer’s 
method: 229, 79; method of inte- 
gration: 225, 78; 232, 80; Pde + 
Qdy + Rdz=0: 230, 80; see also 
Condition of integrability 

Trajectories: 138, 7; 14, 7; 34, 17; 
93, 36 

Transcendental critical points: 197,70 

Transformations: 82, 32; 83, 32; 
84,33; admitting a group of: 89,35; 
96, 36 ; of complete systems : 267,89; 
covariants: SO, Note 2; Cremona: 
198, ftn.; extended group of: 94,36; 
identical: 88, 34; 91, 386; infinites- 
imal: 86,34; 91,36; 93, 36; 98,36; 
inverse: 89, 34; Legendre’s: 16, 
ftn.; of linear equations: 115, 41; 
162, 59; of Riccati’s equation: 13, 
ftn. ; see also Groups and Invariants 

Tresse: 286, 94 

Tubular surfaces: 240, ex.3 ; 282, ex. 


Unicursal quartic: 19, ex. 2; 205, 72 


Variation of constants: 107, 39; 109, 
ftn.; 255, ftn. 


Weierstrass: 45, 21; 132, 48 and ftn. 

Weierstrass’s elementary divisors: 
182, ftn. 

Wronskian: 129, 47 
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